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ABSTRACT 
The unit cell dimensions and space g roups of~-trigly­
cine, triglycine hydrate and NN'-diglycyl-1-cystine have 
been determined by X-ray methods. The complete structure 
of NN'-diglycyl-1-cystine has also been elucidated. The 
structura l nature of the "disulfide bridge 11 , which forms a 
part of this molecule, is described. Bond length~and angles 
I 
are of the usual size found in previ ous peptide molecules, 
but there are several weak hydrogen bonds pa rticularly in 
the a.m,ide groups of the molecule. 
An investigation of the fibrous synthetic polypeptide 
poly-Y-methyl-1-glutamate is reported. X-ray diffraction 
data from well oriented cf..., fibers of this substance hav·e 
been indexed on the basis of e hexagonal cell. The inten-
sities of the X-ray reflections for two layer lines haYe 
been interpreted using the 3.6 residue ~-helix model pro-
posed by Pauling and Corey. A resume of the da ta appe ars 
to support this model for the polypeptide chain in poly-(-
methyl-1-glutamate. 
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I. INTRODUCTION 
The great interest in the field of protein structure 
has been given marked impetus by the intensive application 
of X-ray techniques to its manifold problems. Many other 
physico-chemical methods have been applied to these same 
problems, but it seems apparent that X-ray methods have in 
the past yielded more fruitful results than any other, am 
that the fina l solution of the general question of protein 
structure will eventually be provided by systematic X-ray 
investigations. 
It has been firmly established by means of chemical 
a nalyses on p rotein hydrolysa tes that most, if not all, pro-
teins contain long chains of amino acids connected by emide 
linkages -- so-called polypeptide chains. While these chem-
ical investigations do serve to indica te the order of amino 
a cid residues in the polypeptide chains, they do not shed 
any light on their structural properties. The elucidation 
and expl anation of t hese properties mus t wait on t he inter-
pretation of microscopic, spectrogr aphic, and especi a lly 
X-ray da t a . 
Historically, research into t he structure of proteins 
and polypeptide s nas followed t wo distinct paths. On the 
one hand, considerable energy has been devoted to the de-
terminat ion of the structural features of the simple amino 
acids and peptides on the hypothesis tha t a direct corres-
pondence between the structural char acteristics of the pro-
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tein molecule and those of the building stones from which 
it i~ construot&d should exist . The second line of investi-
gation has concerned itself with direct observations on na t-
ural proteins and synthetic polypeptides . It is difficult 
to say whi ch of these t wo approaches to the problem has had 
the greater success to date: the ideal toward which each 
path is a imed is a structural model which will expla in the 
results of both. 
A) Investigations of the structures of crystalline amino 
a cids and peptides . 
As exampl es of work al ong the first of these paths the 
determina tions of t he structures of t he amino a cids glycine 
(1), a l anine (2 ), L-threonine(3), and serine (4) , from X-ray 
data, may be cited. These researches beside providing reli-
able values for bond lengths and angl es have emphasized the 
important r ole which hydrogen bonds play in the configura-
tions of these simple molecules and, pr esumably , in t he con-
fi gurations to be expected in protein molecules. 
Anot her very important structura l characteristic which 
should exi st in the polypeptide cha ins of proteins became 
apparent both t hrough theoretical considerations by Pauling 
a nd through a ctual determinations of peptide structure s. 
This is t he coplanarity of the atoms involved in the amide 
link connecting amino acid residues. The necessity for co-
planarity arises from the resonance of forms I a nd II in 
t he imide group. It is well known that resonance of this 
H 
' 
/N.......__ . /c 
c c.......-
~ 
.I 
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keto-enol type requires a dihedra l angle of approximately 
zero degrees between the plane of the CNH a toms and the 
plane of the NC 1 0C atoms for the most effective interaction 
of the pi orbitals of the nitrogen and carbonyl carbon 
atoms. This restriction, deduced from the resonance theory 
of Pauling, was found to hold within the limits of experi-
mental accuracy when the results of the crystal structure 
analyses of diketopiperazine(5) , N-acetyl glycine (6), and 
J.... and .6-diglycine ( 7, 8) were examined. In further agree-
ment with resonance principles, it was also possible to cor-
relate the observed C-N bond lengt hs with the distances pre-
dicted by Pauling 's equation (9 ) connecting bond character 
and length. 
Although the principle of coplanarity of the imide 
group has been shown to be quite general in the structures 
of simple peptides, it has not been universal ly accepted as 
applicable to proteins and polypeptides. As recently as 
1951, Ambrose and Elliott (10) refer to the question in the 
following words: 11 It remains to be shown whe ther res.onance 
in polypeptides and proteins effectively limits the r ota-
tion about the C- N bond, and 1we regard the matter as by no 
means settled. 11 It should be noted, however, that one of 
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the more successful models of the polypeptide chain proposed 
to date, the dl helix, incorporates this structural feature. 
In passing, it must be pointed out tha t complete struc-
tural examinations of even the simple amino acids and pep-
tides, using X-ray data, involve computational difficulties 
which would prove practically insurmountable were it not for 
the development of high speed automatic calculating machines. 
With the advent of punched card methods, however, structures 
involving upward of twenty five positional parameters have 
been solved in a moderate length of time. 
An excellent review of the results gleaned from various 
crystal structure determinations on molecules containing pep-
tide, or peptide-like, configurations is to be found in an 
article by R.B. Corey and J. Donohue (11) appearing in the 
Journal of the American Chemical Society. 
B) Research on proteins and synthetic polypeptides 
1. Classification of proteins 
Turning now to the second path of research on the prob-
lem of protein structure, investigations on proteins and 
synthetic polypeptides, a further delineation is possible 
on the basis of the type of protein selected for study. Al-
though many schemes of classification of proteins have been 
proposed, the most useful from the standpoint of the struct-
ural chemist is that which differentiates the general group 
into globular and fibrous proteins. (While they themselves 
are not prot e ins, t he many similariti es between synthetic 
-~ 
polypeptides and natural fi brous proteins justifies t he i n-
clus i on of the f or mer subst ances in the class of fibrous 
proteins.) The names are descriptive of t he over-all struc-
tural nature of the respective protei ns , the globula r pro-
tein molecules being approxima tely spherica l in shape in 
contrast with the cha in-like extended molecules classified 
as fibrous proteins. 
From the difference in shape alone, one might predict 
that the globular proteins would be readily crystallized 
whereas t he fibrous proteins would tend to give pseudo-crys-
t als or dered in the fiber direction but greatly disordered 
in directions perpendicular to the fiber. That t hi s i s 
found to be the case does not mean tha t X-ray investigat i ons 
of fibrous proteins and synthetic polypeptides have been 
less productive of results than single crystal work on glob-
ula r proteins. Indeed, while Bernal (12), Perutz (13), and 
Har ker (14) have contributed, and are a t present contributing , 
much to the understanding of protein structure through their 
work on globula r molecules such a s hemoglobin, some of the 
most interesting development s in this field have emerged 
from studies of fibrous proteins. 
Because a part of t he research reported i n this thesis 
deals with an investigation of a fibrous poly~eptide, it is 
perhaps per tinent to discuss here the history of wor k on this 
class of proteins without giving in any detail a similar de-
s cription of globular protein studies. 
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2. A general background of research on fibrous pro-
teins 
It has long been recognized t hat many na turally occur-
ring materials, for example muscle, hair, silk, gelatin, etc., 
are proteins of the fibrous variety. Tests on the products 
of acid, base, and enzyme hydrolyses have shown the presence 
of a great many kinds of amino acids in these proteins. 
This immediately introduces the problem of uncerta in chemical 
composition and order of amino acid residues into any at-
tempted X-ray examination of these substances. Still a great 
11 umbe.r of empirical dat a and some illuminating deductions 
were derived from early X-ray work in this field. In par-
ticular, Astbury and Woods (15) found tha t the polypeptide 
chains in these fiber s could be extended by mechanical 
stretching or by treatment with formic acid. Ana~ysis of 
the X-ray patterns given by the extended fibers demonstra~ ed 
11earlq 
that the cha ins existed in the~fully stretched, zig-zag con-
fi gura tion shown below. This configuration ha s been termed 
the 8 form of the polypeptide chain. 
N H R._ 0 
I ' / ,, N c.. c / . 'c~ ""- c ~ .........._ N ~ """c./ 
l 'f\ g H ,t '!<. 
Since the ~ form is obtained by drastically stretch-
ing the natural protein, it follows tha t previous to t he 
stretching process the polypeptide cha ins were coiled in 
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some manner. The problem of precisely how the chains are 
folded in the so-called dlform of fibrous proteins has been 
the subject of intensive research in recent years . 
Before discussing some of the proposed models of the 
coiled polypeptide chain, a description of the experimental 
difficulties inherent in X-ray work on fibrous proteins 
should be given. The rather random orientation to be ex-
pected in untreated fibers produces a diffraction pattern 
containing fairly long and diffuse arcs in place of the 
sharp spots usually associated with diffraction from single 
crystals. The character of these reflections makes precise 
measurements on the films virtually impossible, and these 
inaccuracies in measurements are reflected in the large 
probable errors in the lattice spacings derived from them. 
Much of the controversy over the validity of the various 
models proposed for the coiled chains has occurred only be-
cause accurate values for the interplanar spacings of these 
structures have not been available. It has been found that 
slight stretching of the fibers tends to sharpen the reflec-
tions considerably, but much of the ambiguity still remains. 
It has also been observed that the diffraction patterns 
given by suitably treated fibers of synthetic polypeptides 
often show more orientation than is obtainable with natural 
proteins (16). These synthetic substances, prepared by 
poly~erization of a simple amino acid, possess the advantage 
of known composition, but lack the uniformity of chain length 
found in the natural proteins. Their marked similarity to 
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the naturally occurring polypeptides (they both exist in ~ 
and (3 forms, and bot h have many common details in their dif-
fraction patterns) have made these compounds t he subjects of 
numerous investigations . 
3 . Proposed model s for t he folded polypeptide chain 
One of t he earliest models of t he folde d chain in the ~ 
form of polypeptides wa s proposed s i multaneously by Huggins 
(17), and Astbury and Bell (18 ) . ThiS model i nvolve s a r a-
t her flat loop of three amino acid re s i dues per repeat unit 
in ·the fiber direction, accounting for t he name ~given to 
t his configura tion . The r epeat in the fiber direction could 
be ca lcul a ted ~To~ bond distances and angl es current a t t he 
time a s 5 .15A. The a ctual diffrac t ion dat a on f i brous pro-
teins and synthetic pol ypeptides were then so meager, however, 
tha t no critical evaluati on could be made . 
Br agg , Kendrew, and Perutz (19 ), in 1950, published a 
pap er di scussing several possible configura tions of a coiled 
polypeptide chain, including a heli cal model which contained 
four amino acid residues per turn of t he helix. Working at 
the time on crystalline hemoglobin and myoglobin, which globu-
l a r proteins are a lso believed to contain fo l de d chains, the se 
authors compared their various models wi t h Patterson projec-
tions of t he protein structures and concluded that the helical 
model must be eliminat ed in f avor of Astbury ' s Jlm c onfigura-
tion. 
Ambrose and Hanby (20 ), studying the i nfra-red absorp-
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tion spectra of oriented samples of synthetic polypeptides, 
discussed another model for the folded peptide chains in 
these substances to account for t he observed dichroism of 
the N-H and C-0 stretching bands. This model, called the~~ 
configuration, consists of a practically flat loop of t wo a-
mino acid residues in a repeat of about 5 .'4A. (See sketCh be-
low.) 
Bamford, Hanby, and Happey (21), wor king with the X-ray 
patterns from t hese same synthetic polypeptides, also were 
able to find evidence i n support of the ~ model. In their 
publication, the authors state that the reflections from 
p oly-¥-methyl-1-glutamate fibers can be a ccounted for, with 
but t wo exceptions, by an orthorhombic cell with parameters 
a: 10.35A., b = 5.98A., and c: 5.5QA. The spacing s which 
do not fit this cell are ascribed to a second phase coexist-
ent with the J phase. Similar analysis of the pattern ~ven 
by poly-Y-benzyl-1-glutamate suggest a pseudo-monoclinic cell 
a ccording to Bamford. Again in t his pat tern they find re-
flections which must be attributed to a second phase . 
It has been pointed out by Pauling and Corey (22 ) t hat 
the various structures of t he coiled polypeptide chain pro-
posed t hus f a r are not entirely in agreement wi t h the re-
sults obtained from cryst alline peptides and amino acids. 
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For example, in the ~][' model only one out of every t hree 
amide groups forms a hydrogen bond, whi le it has been ob-
served that numerou~ st r ong hydrogen bonds are invariably 
found in simple peptide structures. It has also been shown 
that in order to mainta in reasonable hydr ogen bond distances 
in the ~E-model, the coplanarity of the amide link must be 
destroyed. These considerations, together with several other 
objections regarding the l~/3 transformation and the dichroic 
ratio of the N-H and C-0 stretching bands, prompted Pauling 
to examine additional models for the folded peptide cha in 
which would not possess these anomalies. 
The models evolved by Pauling and Corey (22) are heli-
cal in shape, but differ from the helix proposed by Bragg , 
Kendrew, and Perutz in that they do not possess an integral 
number of amino acid residues per turn of the helix. The dif-
ferent helices are named according to the number of residues 
per turn; for example the 3.7 helix. In a series of papers 
published in the Proceedings of the National Academy of Sci-
ences (22), Pauling and Corey demonstrate the agreement be-
t ween the results predictable on the basis of the helical 
models and the observed data on synthetic polypeptides. (It 
should be noted that although similar helical structures 
have been suggested for some naturally occurring proteins, 
up to the present time they have found their greatest success 
as models for synthetic polypeptides.) 
In particular, Pauling and Corey are able to interpret 
the poly-r-methyl-1-glutamate data of Bam~ord, et al ., by 
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means of a hexagonal cell (a: ll.7A., c • 27.5A.) in which 
the repeat in the fiber direction is five times the repeat 
proposed by Bamford. Pauling assumes a molecula.r structure 
having a translation in the chain direction of 1.5A. per resi-
due, giving a · total of about 18 residues and 5 turns per re-
peat distance, or 3.7 residues per turn. The data on poly-t-
benzyl-1-glutamate are also discussed by these authors in the 
light of the ~ helices. For this compound they find that a 
helix containing 11 residue s in 3 turns, another variation 
of the 3.7 helix, explains Bamford~data satisfactorily. 
It is interesting to note tha t the second phase which 
Bamford assumes present in the fi bers in order to account for 
all the observed reflections is not necessary in Pauling and 
Corey's p icture. The anomal ous arcs can be indexed without 
difficulty on the basis of the 11.7 by 27.5A. hexagonal .cell. 
After the appearance of these papers, Perutz (23) s~­
gested that if the helical models were correct the transla-
tiona l rise per residue in the fiber direction should pro-
duce a r ather strong reflection corresponding to that dis-
t a nce on the meridian of oriented fiber photogr aphs. Immedi-
ate investigation of poly-r-methyl and poly-Y-benzyl-1-gluta-
mate confirmed that these reflections were present and gave 
considerable support to the Pauling-Corey models. Since tha t 
time it has been found that spacings similar in magnitude and 
position to the Perutz reflection occur in a great many natu-
r a l fibrous and globular proteins. This suggests tha t the 
helical configurations, or something closely allied to them, 
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may exist in t hese substa nce s too. 
Although this necessarily brief account of the general 
problem of protein structure is far from complete, most of 
the topics pertinent to the research reported here have been 
covered. At various places in the body of the thesis refer-
ences to previous work may be made in more detail, but it was 
not deemed advisable to encumber this introduction with ei-
ther lengthy descriptions of relatively minor points or cri-
tiques which would be more aptly included in a discussion of 
results. 
C) The purpose of this thesis 
The field of protein structure having been rapidly sur-
veyed and a few of its more important questions dealt with in 
some detail, it is appropriate that a statement of the pur-
pose of this thesis be made. 
First, the author proposes to present a description of 
some r a ther elementary work on three crystalline peptides, 
~-triglycine, a triglycine hydrate, and NN'-diglycyl-1-cystine. 
This will be followed by a detailed account of the complete 
determination of the crystal structure of NN'-diglycyl-1-cys-
tine. 
Secondly, the author proposes to describe some recent 
work on the structure of the synthetic polypeptide poly-Y-
methyl-1-glutamate. This investigation deals particularly 
with an attempt to obtain accurate interplanar spacing meas-
urements and to obtain further evidence for or against the 
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J helix model of Pauling and Corey. 
Following both the section devoted to crystalline pep-
tides and that dealing with synthetic polypeptides a critical 
discussion of the significance of the results as applied to 
the question of protein structure will be presented. 
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II. THE DETERMINATION OF THE UNIT CELL DIMENSIONS 
AND SPACE GROUPS OF SEVERAL CRYSTALLINE PEPTIDES 
A) 0.... -Tri clyc ine 
In an attempt to add to the general fund of data on 
crystalline peptides, it was deemed advisable to begin an 
investiga tion of a tripeptide. Sketchy unit cell parameters 
and space groups for such compounds have been reported, but 
no serious structural analysis has been undertaken to date. 
Owing to its chemical simplicity triglycine (glycylglycylgly-
cine) was a likely choice for this study. In the usual rep-
resentation of organic chemistry, triglycine has the follow-
ing formula: 
A small sample of cry s t a lline triglycine prepa red by 
Dr. J. Greenstein wa s made ava ilable for this investigation 
by the Harvard Medical School. The material was dissolved 
in water and recrystallized by the slow addition of n-pro-
panol . Fine needles began separating from the solution at 
a composition of about SO% water: 2o% alcohol . 
Microscopic examination of the crystals showed them to 
be in reality very thin l aths with one s et of rather well de-
veloped faces parallel to t he needle axis . No remarkable 
cleavage properties were observed, although the crystals did 
tend to fracture along a plane perpendicular to their long 
axes. 
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Inspection with crossed Nicols showed the crystals to 
be highly birefringent with extinctions parallel and per pen-
dicular to the needle axis. ~5witching to a high power objec-
tive and removing the eyepiece, the characteristic biaxial 
interference fi gure was observed. The over-all conclusion 
reached by means of thi s microscopic analysis was that the 
crystals were probably either monoclinic or orthorhombic with 
one very short and two moderately long unit cell axes. 
A study of the literature revealed t hat several forms of 
crystalline triglycine had already been reported. One of 
these, an orthorhombic dihydr ate , was investigated by Bernal 
( 24), whi l e two anh~drous modifications, called~ and L3-tri-
g l ycine, were briefly studied by Lenel (25). Although f a r 
from conclusive, the fact that heating produced no character-
istic efflorescence indicated tha t the crystals under invest~ 
gation were anhydrous. 
One of the larger crystals from the preparati on was 
mounted with the needle axis vertical and examined goniomet-
rically. Aside from signals from the fl a t l a th faces, no 
recogni zable reflections were obtained. An oscillati on photo-
graph, WL t h copper K radiation, was t aken and the repeat dis-
tance i n the needle direction determined as approximately 
4.35kX. Comparison with unit cell dimensions for triglycine 
dihydrate and ~ and ~-tr iglycine showed tha t the closest a-
greement was obta ined with ~-triglycine, for which Lenel re-
port s a b axis of 4. 3A. 
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A series of oscillation photogr aphs was t aken and a 
general indexing attempted with a reciprocal l attice net 
constructed with Lenel's lat~ice parameters ford-triclycine. 
It was found that the entire zero layer could be indexed 
s a tisfactorily, but several s trong reflections on t he first 
l a yer line could not be accounted for . By doubling the £ 
axis given by Lenel, t hese reflections could be indexed. 
Since it was extremely diff icult to mount a crystal with t~ 
£axis vertical, final confirmation of the doubled c axis 
was deferred until a complete set of Weiesenber e, photographs 
was available. 
Accurate lattice parame ters were next obta ined from 
double oscilla tion pictures t aken so as to produce a par-
ticula r reflection on both sides of the f ilm. Precise mea-
surement of the position of the 600 reflection gave a*, 
while c* was determined from the 008 refle ction (based on 
Lenel's cell), and 8 * from the 606 r eflection. Referring 
back to the real l attice, the following par ameters were ob-
t a ined: 
Cell Dimensions for l{.-Triglycine 
Lenel This Investigation 
a- 8. 5.3kX a-= 8.53kX:!:... O.OlkX 
c = 11.4kX 
8 :: 105°.30 1 
b = 4 • .3kX 
c ;~11.48kX or 22 .96kX ± O. OlkX 
8 : 1050.36 I .± 10 I 
b = 4 • .35kX ~ 0.02kX 
Lenel ' s parameters are included for purposes of compari-
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eon. It is seen that the agreement is very good except for 
the c axi s Jwhich was believed to be 22.96kX instead of ll.4kX 
as g iven in the earlier work. The b distance reported for 
this investigat ion was obta ined by averag ing a number of 
l ayer line spacing measurements and is undoubtedly not as ac-
curate as t he ~, _£, or t8 parameters. 
A set of hOL, hlL, h2L, h3L, OkL, and lkL Weissenberg 
photographs were taken i) to obtain intensity data, ii) to 
confi rm the doubled.£ axis, and iii) to fix t he space group. 
These pictures clearly demonstra ted that the c axis was in-
deed about twice as long as proposed by Lenel. The only sys~ 
tematic extinctions observed were in the hOL zone, all re-
flections for which L was odd being absent, and in the OkO 
zone, all reflections with k odd being missing . The extreme-
ly short b axis gave rise to only four observable rows on the 
OkL Weiesenberg and, on these lines, it was seen that the 010, 
020, and 030 reflections were absent, with a weak 040 being 
the only order present. ThUS the assignment of a systematic 
extinction to this zone might be viewed with some scepticism. 
Assuming these two systematic extinctions, however, the ~ ace 
group P21/c was unambiguously deduced. 
The crystal density was determined by a flotation method 
as 1. 56 ± 0.03 gm.jcm3• This density, in conjunction with 
the unit cell dimensions given above and the known molecular 
weight of the compound, indicated that there were four mole-
cules per cell . As is to be expected in a case involving an 
unsymmetrical molecule, the atoms all lie in genera l positions. 
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Measurements of reflection intensities were all made by 
visual comparison of the spot in question with a calibrated 
intensity strip. This strip was prepared with an hOL reflec-
tion from r1. -triglycine so that the shapes of the spots being 
compared were essentially the same . Only hOL zone intensi-
ties were recorded a t this time since the preliminary work on 
the structure would obviously be done with projections in 
that zone. Multiple films were used fo r each Weissenberg 
a nd, with the aid of a suitable film f a ctor, were of ass~t-
ance in the estimation of intensities. 
The measured intensities were multi plied by Lorentz and 
polarization factors obtained graphically by the method of 
Lu (26) to give corrected intensities . Absolute intensities 
• 
and an approximate temperature factor were then obta ined for 
the hOL zone according to the method developed by A.J.C. !Wil-
son (27). 
As has been suggested above, the short b axis made it 
very probable tha t as much information could be derived from 
two-dimensional syntheses as from three dimensional work. 
Therefore the corrected absolute h(!)L intensities were used 
to compute an hOL Patterson p~ection . This unsharpened pro-
jection is shown in Fig. r. The presence of negative areas 
is probably due to a slight ~rror in the scale factor. 
The row of peak s nearly parallel to ~ and at u = 0 is 
in many ways similar to the row of peaks observed in nearly 
the same position in the Patterson projection of the 6 -di-
glycine structure. This strongly suggested that, as in t he 
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dipeptide, the tripeptide chain lies parallel to c. The 
long £ axis bears out this hypothesis as does t he unusually 
high intensity of the 200 reflection. The general picture 
of the structure as derived from the Patterson, then, is 
that the triglycine molecules in the fully extended f orm are 
lying nearly parallel to c and a long a line at roughly 
X = 1/4. 
It should be noted that various trial structures have 
been proposed in accordance with these criteria, but none 
seems to give calculated intensities in agreement with the 
observed. A discussion of the attempted application of 
Banerjee's equation to this problem will be given in an ap-
pendix to this thesis. 
B) Triglycine hydrate 
Previous to the successful crystalli zation of ~-tri­
glycine, a saturated solution of triglycine in water had 
been allowed to evaporate slowly, with a small amount of 
n-propanol added to promote crystal formation. The crystals 
obtained from this preparation were very similar in shape to 
the ~-triglycine needles encountered later.~5tudying them 
under the polarizing microscope the crystals were seen to be 
strongly birefringent with a biaxial interference f i gure. 
Slight heating of the crystal s caused t hem to effloresce, 
from which it was concluded tha t the crystal s we r e hydrated. 
As has been mentioned in the l as t section, the literature in-
dicates that three forms of triglycine had been found and 
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studied prior to this work. Since only one of these forms 
was a hydra te (reported by Bernal (24)), it was believed 
tha t t he modification found here might well be identical 
with this orthorhombic dihydra te. 
A suitable crystal being mounted with the needle axis 
vertical, rotation and oscilla tion pictures w~th copper K 
radi ation were taken. The needle axis repeat as obta ined 
from the layer line spacings on these photographs was about 
4.6A., in fair agreement with the 4.7A. repeat found by Ber-
nal for the dihydrate. However, the rotation pictures failed 
to show the symmetry which would be expected for an ortho-
rhombic crystal. To decide the point a zero layer Weissen-
berg about the needle axis was made. Thi s picture did not 
show any prominent lines of reflections which could be as-
cribed to axes 90° apart, but instead indicated that the~ 
and £ axes were about 112° apart. The monoclinic symmetry 
was confirmed by a set of first layer We issenbergs. 
The determination of accurate l attice par ameters was ac-
complished essentially i n the same way as in t he case of 
~-triglycine. The result s a re given below together with the 
reported values for the other three forms of triglycine. It 
is clea r that the hydrate found he re is a new modification 
of triglycine. 
-22-
Compound a b c {2 
J.-Triglycine 8.53kX 4.3kX 11. 4kX 105°30 1 
(Lenel) 
f3 -Triglycine 14.6kX 4. 79kX 11. 67kX 105°30' 
Triglycine 
Dihydrate 22 .0kX 9.8kX 4.7kX 
Triglycine 
112°43 1 x-hydrate 16.02kX 4.63kX 24 . 99kX 
The density of the crystal was also determined using 
the flot a tion method employed for d.-triglycine. The value 
obtained, 1.52 ± 0.02 gm/cm3 , coupled with the unit cell di-
mensions given above, showed that there were eight molecules 
per cell. The molecular weight used in this calculation co~ 
responded to the formula C6N304H11 • 1/2 H20 with one water 
of hydration for every two peptide molecules. Although the 
experimental density was by no ~eans accurate enough to 
clearly establish this degree of hydration, it was noted 
that the best agreement was obta ined for the hemihydrate. A 
monohydrate would correspond to a calculated X-ray density 
of 1. 56 gm/cm3 which, while not positively excluded, is near 
the upper limit for t he observed density. A va cuum des i cca-
tion of a small ba tch of the se crysta ls was a tt empted , but 
here the quantity of materia l was too small to permit a defi-
nite degr ee of hydrat ion to b e calcula t ed. 
hOL and hlL Weissenber g s showed the extinctions charac-
teri stic of A face centering and an ~ gl i de pl ane. The ep a ce 
g roup could not unambiguous ly be ass i gned on thi s basis since 
ei the r the Aa or A2/ a space groups satisfied both extinctions. 
- 2.3-
However, a s the general posi tions of the Aa space group are 
fourfold while t hose of the A2/a space group are eightfold, 
the l att er was chosen as a starting hypothesis. No p iezo-
or pyro-electric measurements were made, so t he Aa space 
g roup still remains a possibility. There woul d t hen be t wo 
independent sets of triglycine molecules occupying general 
positions. 
Intensities of the hOL reflections were visually esti-
ma ted using an intensi ty strip. Lorentz and pol arization 
factors calculated by Lu' s gr aphical me thod were applied and 
an hOL Patterson projection synthesized. As in the case of 
t-triglycine, it was hoped t hat the projection down the short 
4.6.3kX axis would give most of the informa tion needed for the 
deduction of a trial structure. The unsharpened Patterson, 
on an arbitra ry sca le, is shown in Fig . II. 
The row of peaks lying roughly parallel to the 406 
pl ane in the projection suggests that the triglycine mole-
cules may be oriented in this direction. This is in agree-
ment wi th the result obtained from the examination of the bi-
refrin~;ence of these crys t a l s which showed that the positive 
orienta tion of the r axis of t he indicatrix l av in the 406 
direct ion. 
No further interpretation of this Patterson projection 
has been made to date. It is very likely that an exhaustive 
analysis could be made to yield a satisfactory trial struc-
ture, but this was not attempted as the preliminary work on 
NN '-diglycyl-L-cystine showed grea ter promise of success. 
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C) NN '-Diglycyl-L-cystine 
As has been mentioned in the introduction to thi s thesis, 
the structures of various amino acids and peptides shed con-
siderable light on the nature of t he hydrogen bonding which 
can be expected between polypeptide chains , and on the proba-
ble interatomic distances and configurations which may occur 
i n these chains . Previous t o thi s r esearch, however, no 
structura l investigati on of a molecule conta ining t he so-
call ed 11 disulfide link" has been reported . Thi s link, which 
con.s t i tut es one of the more important ways in which the pep-
tide chains of prot eins are believed to be held t ogether, co~ 
sists of a - CH2 -S - S - CH2 - bridge connected to a poly-
peptide chain a t e i t her end. The f a ct that the peptide cha i n 
a t one end of the bridge may be identica l with that a t t he 
other end , a doubling ba ck of the chain having t aken pl ace , 
also i ndicat es that t he "disulfide link " may pl ay an import-
and r ol e i n t he folding of polypeptide cha ins. 
A simple peptide which could contain such a configura-
tion is NN '-diglycyl-1-cystine , first prepared by Greenstein 
( 28 ). The molecule has the fo l lowing formula : 
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A sample of this compound being ·'kindly provided by Dr. B. 
Low of the Harvard Medical School, an ~nvestigation was be-
gun in an effort to elucidate the structural characteristics 
of the "disulfide link". 
The powdered sample of NN 1 - diglycyl-L-cystine was dis-
solved in water and recrystall ized by the dropwise addition 
of n-propanol. The crysta ls were similar in shape to the 
~-triglycine crystals, separ ating from solution in the form 
of flat needles with one pair of well developed f aces paral-
lel to the needle axis. They were strongly birefringent, 
g iving extinctions parallel and perpendicul ar to the needle 
axis, and also showed a biaxial interference figure. These 
f acts, although not conclusive, indicated monoclinic syr~e-
try. 
A crystal was mounted with the needle axis vertical and 
a n oscillation picture ~Lth copper K r adiati on taken. This 
showed the repeat along t he needle direction to be about 4.8A 
From a zero l aye r Weissenberg it was noted that, selecting 
an arbitrary a axis, t wo c axes could be chosen , one at an 
a ngle of 1000 from a and the other a t an angle of about 124° . 
A fir st l a¥er Weissenberg confirmed the monoclini c sym-
me try of the crystal and also made possible a unique determi-
nation of the space group. W'~th the..£ axis at 6 s 100° it 
was evident that the observed ext inctions required an F2 
spa ce group, whereas u;Lth the alternate axis at 124°, an A2 
\ 
space group resulted. Because of the s maller number of mole-
-27-
cules per cell in the A2 ,space group, the axis at 124° was 
selected as the c axis of the cell. 
In order to obtain accurate unit cell dimensions, os-
cillation photographs using a 5 em. camera were employed. 
The same double oscillation technique used to procure para.-
meters for the ~-triglycine and triglycine hydrate structures 
was utilized. Oscillations around the needle axis yielded 
the following results for_!!, _£, and the angleG: 
a = 12. 26A. ; c -= 17.17 A. ; f3 -=- 124 °24 1 • 
Moreover a careful measurement of the layer line spacings on 
these same photographs gave the value of 4.84A. for b. The 
probable errors in tha. parameters are of the order of 
:!: O. OlkX. 
In his paper reporting t ne preparation of NN'-diglycyl-
L-cystine (28), Greenstein states that the crystals are hy-
drated, there being one water molecule for every diglycyl-
cystine molecule. The empirical formula C10H~N4S20s·H20 
corresponds to a molecular weight of 370. A rough density 
determination using a flotation method gave a value of 
1.55~0.04 gm/cm3. With the cell dimensions given above, a 
simple calculation showed that the number of molecules per 
cell must be two. As the general positions of the A2 space 
group are fourfold, this result indicated that the diglycyl-
cystine molecules were lying in special positions, probably 
across twofold axes since the peptide molecule [ itself would 
be expected to contain this symmetry element. Assuming the 
degree of hydration reported by Greenstein to be correct, 
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the wat er molecules must also occupy special posit ions, pre-
sumably on the t wofold screw axes present in the s tructure. 
Such an a rrangement would suggest some sort of chain of 
water molecules in the b directi on interconnected by means 
of hydrogen bonds, but with a very short 0 - H 0 distance 
of only 2.42A. and a r a t her odd disposition of H - 0 --- H 
bond angles. Because of these discrepancies with previously 
recorded results, Gre enstein's degree of hydration wa s re-
garded with some suspicion, a nd, as will be shown l ater, was 
actually found to be incorrect. 
As has been mentioned, hOL and hlL Weissenbergs were 
t aken to fix the crystal symmetry and to a id in the selec-
tion of cell axes. h2L, h3L, and OkL Weissenber gs were also 
taken, using copper K r adi a tion for all. Multiple films 
were employed to assist in estimation of intensities. As in 
the case of t he triglycine compounds, all intensities were 
estimated visually t-rorn a calibrated intensity strip. 
Lorent z and polari za t ion f actors were read f rom gr aphs of 
the factors as functions of sin ~ and the inclination a ngle 
~· No correction for absorp tion wa s made since the crysta l 
s elected for examina tion was very small in crossection. The 
scale factor and an approximate tempera ture factor for the 
corrected hOL zone reflections was determined by t he method 
of A.J.C. Wilson (27). No attempt was made to put t he other 
reflections on an absolute sca le a t this st age. 
A description of the computa tion and interpreta tion of 
the Patterson syntheses for NN 1-diglycyl-L-cystine will not 
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be given here since the next section will present a com-
plete structura l analys i s and ref inement for t his compound . 
-30-
III. THE COMPLETE INVESTIGATION OF THE STRUCTURE OF 
NN '-DIGLYCYL-L-CYSTINE 
A) The determination of the tria l structure 
1. Interpretation of the hOL Pa tterson projection 
The unsha r pened hOL Patterson for NN '-di glycyl-L-cystine 
was computed f~om Beavers-Lipson strips. It is shown in 
Figure III on an arbitra ry scale . 
It has been mentioned that the space group requires the 
diglycyl cystine molecules to lie in special posi tions and it 
was suggested that, as t he peptide itself might be expected 
to show a t wo-fold axis of symmetry, a likely arrangement 
would place the molecules across t he t wo-fold axes of the 
cell.6~r e ferring to the sketch on page 25 , it can be seen 
that such a two-fold axis must intersect the S-S bond which 
in turn would have to be parallel to the hOL pl ane of pro-
jection. The Patterson interaction peak a rising from t he S-S 
distance would then be found a t some point on a circle of ra-
dius equal to the S-S bond l ength described about the origin 
of t he hOL projection. 
~ith 2. mBA. a s t he r adius, thi s be i ng twice t he value 
given by Pauling (29 ) f or t he single covalent bond r adius of 
sulfur, the circle was drawn and the indica t ed peak selected 
as the S-S interaction . The re was little ambiguity in this 
selection a s no other areas on or near t h is circle showed the 
presence of a l a r ge peak such as would be expected for two 
sulfur a toms . 
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One of t he other noteworthy fea tures of this Patter son 
uas the row of ver y strong peaks along t he line u : 1/3. 
These suggested t hat a chain of a t oms might l ie approximate-
ly along t he line x: 1/3 in t he unit cell . The observed 
peaks would then be produced by intera ctions involving a sul-
fur a tom and the atoms constitut ing the chain . {This concept 
is also in agreeme nt with the unusually high intensity of the 
300 r eflecti on.) The picture of a r ow of atoms more or less 
parallel to ~ in project ion received further support from a 
compari son of cell dimensions fo r t his structure with those 
found for B - diglycine by Hughes { 8 ) . These t wo sets of da t a 
a re given in the table below. 
Com:Qound a{kXi b(kX) c {kXi £2 
Space 
z Grou:Q 
NN '-Diglycji:l-1-
124°24 1 cystine 12 . 24 4 . 83 17 . 14 2 A2 
l3- Diglycine 17. 89 4 ... 62 17.06 125°10 1 8 A2/a 
It must be kept in mind that although there are only 2 
diglycyl cyst ine molecules per cell, the se lie across t wofold 
axes and t hu s t he Pa tterson shoul d be interpret ed as indi-
e at ing the presence of t wo chains per molecul e or four per 
cell . In the 6 -diglycine structure there are eight di gly-
cine chains per cell and, as was shown by Hughes, these are 
oriented parallel to £· Then to allow for the difference in 
space gr oup, t he a axis of CS -diglycine should be halved be-
fo r e comparing t he dimensions . If thi s i s done, sever al 
s triking simil arities are noti~ble. Fir s tly, t he two~ 
axes are a l mos t identical, as are t he t wo l) angles, indica t-
- .3.3- . 
ing that the chains present in NN'-diglycyl-1-cystine are 
p robably identical with ~ diglycine chains and are prob-
ably oriented in the same direction as those in the ~-di­
glycine structure. Secondly, the longer b axis reported 
for diglycylcystine can be interpret ed as due to a greater 
tipping of t he cha i n out of the ~ - £ plane than was found 
in 8-diglycine. (It will be shown l a ter that van der Waals 
repulsion between the a tomic configurations connecting t~ 
cha ins also accounts for par t of this increase in b.) Third-
ly, the a axes are the only ones which are radically differ-
ent, that for diglycylcystine being 3.29 kX l a r ger than the 
halved a axis of L3-diglycine. This was ascribed to the 
presence of a toms interconnecting the cha ins in diglycylcys-
tine, only van der Tiaals forces separating the chains in 
b-diglycine. 
The general view of the structure, as derived from the 
Patterson projection and this comparison of cell dimensions, 
was, therefore, of diglycine chains roughly parallel to£ 
interconnected by means of some kind of bridge containing 
the sulfur a toms of the molecule, presumably a "di-sulfide 
bridge". 
Again r eferring to the sketch on page 25, t wo likely 
trial structures obeying all the aforementioned criteria can 
be proposed at once. In pro jection, they are: 
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I I. 
In both models it is seen that the S-S bond is in the 
correct posi tion as shown by the Patterson and there a re di-
glycine chains oriented parallel to £ and a t roughly x ~ 1/3. 
Synthetic Patterson functions for only intermolecular 
interactions were constructed for each model. This was done 
simply by drawing a scale projection of the particula r model 
and then, wLth each atom in turn as t he origin and wLt h 
the orientat ion of the molecules constant , noting the posi-
tions of the ends of vectors from tha t a tom to others in the 
same mol ecule . On the basis of these synthetic Pattersons 
it was not possible to choose bet ween models I and II since 
both fit the calculated Patterson projection equa lly well. 
The elimination of one or the other of the above models 
was therefore a ccomplished by actual calcula tion of structure 
f actors . x and z parameters of t he a toms were estimated from 
scale pr ojections and the atom form factors for each hOL 
-35-
pl ane obta ined from Hartree curves. Hydrogens were not in-
cluded in the calculation at this stage. The temper ature 
-13~i.a;e 
f actor e ~ with B = 3 . 5, predicted for the hOL zone by 
Wil son ' s method, was applied to t he individual form factors. 
As the hOL zone of the A2 space group is centro-symmetr ic , 
structure amplitudes instead of intensities were calculated 
and compared with the absolute square root s of the c or rected 
observed intensities . Bragg-Lipson charts were used for the 
a ctua l computa tion. The water molecules were pl aced on the 
two-fol d screw axes in this work . Compari son of ca lculat ed 
structure factors wit h observed dat a ind ica ted fair l y good 
agreement for low order reflections for model II, but only 
r andom agreement for model I. It was t herefore assumed tha t 
model II wa s e ssentially cor rect in projection , and wor k on 
Fourier refinement of par ameters was begun. 
Before leaving t his phase of t he i nvestigat ion, it 
would be well to sta te t hat still anot her criterion was used 
to check t he a cceptability of model II as aga inst mode l I. 
It was noted t hat bot h trial models had all atoms far enough 
away from the line x ~ 1/2 to i nsure that the electron densi-
ty along that line would be approximately zero. Then: 
p (l/2 , z) = l Z f. Fho.tcos2tr(h/2 + Lz) :. 0 1. 
h t 
~ { F..oL cosrt hcos2!1Lz : 0 
Multiplying by cos2~L'z, wher e L' is some particular 
val ue of L, and using the Fourier integral theorem, 
£ L Fho.t(-l)h (cos2li"L zcos2rtL• z ... dz =- 0 3. 
h .L ) 
0 
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For L: 1 1 thi s integral has the value 1/2 so tha t: 
L F110i -1) h = 0 for L : L • h 
It was thus possible to substitute the square roots of 
a seri es of observed intensities into thi s relationship and 
to g ive those which agr eed in magnitude with the calculated 
structure factors the signs of the latter quantities. One 
could then get an idea of how the signs of the remaining amp-
litudes would have to be distributed in order to satisfy equ~ 
tion 4. For model I I it was noted t hat in a majority of 
ca ses the signs thus selected agreed with the signs of the 
calculated structure factors even though the magnitudes wer~ 
not in agreement. For model I, however, many cases arose in 
which the signs of the calculated structure factors were op-
pos ite to the signs predicted by use of equa tion 4. This a-
gain l e- nt support t o model II over model I . 
It should be mentioned that application of equa tion 4 
was also useful in selecting terms for the preliminary 
Fourier syntheses. Thus it often happens t hat in these 
Fouriers terms were included whose calcula ted structure fac-
tors, although not in good agreement with the observed ampli-
tudes, did have signs which tended to satisfy equat ion 4. 
2 . The preliminary refinement of the x and z parameters 
Due to the rel~tively short b axis, it was seen that the 
estimation of y parameters for t his structure would be a ra-
ther difficult task. As is often the case in such problems, 
it was decided to work first with the hOL zone reflections 
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exclusively and to determine the y parameters only af ter the 
x and z parruneters had been refined as far as the projection 
da t a would allow. Thi s section will describe t he refinement 
using i) Fourier syntheses, a nd ii) two-dimensional least 
s quares. 
The structure factor ca lculation used to decide between 
possible trial structures I and II was now used to determine 
which reflections in the hOL zone might profitably be includ-
ed in a Fourier projection. 57 spectra for which the agree-
ment between observed and calculated structure factors was 
good were employed in t his first Fourier. The inclusion of 
even 57 terms was perhaps over-optimistic a t t his juncture 
because t he Fourier peaks were but poorly resolved . One ~ea­
ture which did appear in this projection, however, wa s the 
shift of t he peak representing the oxygen of the water mole-
cule from x = 0, z - 1/4 to a position off t he two-fold screw 
axis. This of course would mean that the form being examined 
was a ctually a dihydrate instead of a monohydrate as reported 
by Greenstein. It has been mentioned that moving the water 
molecules off t he se axe s would be to improve t he 0 -H --0 
hydrogen bond distances and the H -0 --H angles . Therefore 
this result obtained from the fir s t Fourier was accepted with-
out much doubt even though the re st of the projection was of 
little use in estimating atomic parame ters. 
Placing t he water of hydr a tion a t the pos ition roughly 
indica ted by this preliminary Fourier, a new structure fac-
tor calculation for hOL reflections was made . International 
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Business Machines were used for these computations. {See 
Appendix II for a description of the methods used.) A com-
parison with observed structure factors was again made and, 
using a more strict agreement as a basis for selection, 45 
reflections chosen for inclusion in a second Fourier projec-
tion. Wherever possible equation 4 was used to check the 
proposed signs of the observed structure f actors. This 
Fourier is shown in Figure IV. The projection clearly demon-
strates that the decision to move the water molecule away 
from the screw axis was indeed correct. Moreover, it is al-
so apparent that the nitrogen a tom of the amine group has 
been incorrectly placed and must be raised. It should be 
noted that the carboxyl carbon was not resolved from one of 
the oxygen atoms to which it is linked, a s was also the case 
with the carbon and oxygen atoms of the a~ide link. Certain 
unresolved atoms were to be expected, hmJever, since the 
4.8A. repeat in the b direction indicates that the peptide 
chains are tipped at a considerable angle to the a-c plane. 
The atoms were now placed as close to the maxima of the 
Fourier peaks as possible and new parameters recorded. No 
back shift rules such as had been used in the L-threonine 
structure were applied. In the case of unresolved atoms the 
new parameters were estimated as carefully as possible from 
the shape and magnitude of the Fourier peaks. 
A structure f a ctor calculation wLth the revised para-
meters was made and, on comparing observed with ca lculated 
data, it was seen that 75 reflections could now be safely 
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included in a third Fourier synthesis. The projection, 
when computed, again showed the distorted amine nitrogen 
peak remarked in the second Fourier. A better resolution 
of the a toms was also noted. 
Again the peak maxima were chosen a s the centers of 
the respective atoms and parameters estimated. These para-
meters are given in the first column of Table r. Note that 
two sets of parameters for t he amine nitrogen are listed co~ 
r e sponding to the ambiguity of the Fourier peak for that a-
tom. Two separate structure factor ca lcula tions, one for 
each set of amine nitrogen par amet ers, were made and the 
results compared with observed da ta. It was obvious that 
structure factors computed with parameter set 2 for the 
nitrogen in question were in closer agr eement with observa-
tion t han were tho se wi..th pa r e.m.eter set l. 
A fourth Fourier wa s now prepared UJ i..th 1.34 hOL reflec-
tions f or which a greement was suf ficiently good. One excep-
tion to t his statement should be noted, however. The .300 
reflection, by f a r the most intense one obta ined from the 
cryst al, was a ssigned an observ·ed amplitude of 110 on an ab-
solute scale while the calculated s t ructure factor for thi s 
pl ane wa s consistantly around 170. As there was doubtles s 
a secondary ext~tion effect reducing the observed intensi t y, 
the reflection was put into this new Fourier with the ampli-
tude 170. No direct calcula tion of t he amount of secondary 
extinction to be expected for this spectrum was made, but 
the general good agreement of the other hOL zone ralections 
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made it unlikely that this one reflection was so badly out 
of agreement due to par ameter errors alone and justified 
the use of the calculated structure factor in pl a ce of the 
observed. Complete r esol ution and a single unambiguous peak 
for the amine nitrogen was obtained in this fourth pr ojec-
tion. The overlapping in the carboxyl and ca rbonyl groups 
was still present, however. Parameters obtained from this 
Fourier are g iven in the second column of Table I. It is 
seen that the parameters from the fourth Fourier differ by 
about O.lA. from the third Fourier parameters. These shifts 
a re r athe r l ar ge, but then less than half the observed in-
tensities were included in Fourier III, while over 80% were 
used in the calculation of Fourier IV. 
A complete reestimation of all hOL zone irtens ities 
was now made from a set of Weissenbergs of l onger exposure 
than had previously been used. This was done in an effort 
to observe more of the weak spectra in the r ange where the 
Lorentz and polariza tion f a ctors a re near unity. Results 
of t he measurement were compared with t he old da t a and it 
was seen tha t when the t wo sets were placed on the same scale 
differences no grea ter than 10% occurred for reflections 
measur able in both. Because of thi s rather good agreement 
the srune absolute scale a nd temperature factors were used in 
treating the new data. 
Structure f a ctors computed with parameters from Fourier 
IV showed very good ove~all agreement with the square roots 
of these new intensities. It was now possible to calculate 
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a Fourier pr ojection using all 160 non-zero observed inten-
si ti es in the hOL zone. Thi s Fourier is shown in Figure V 
while t he par ruaeters obt a i ned therefrom are given in the 
t hi r d column of Table I. Note that the par ameter differences 
between Fourier IV and V correspond to sh ifts of only about 
0 . 05A. as against O.lOA . for t he corresponding difference be-
tween Fouriers II I and IV. Due to t he lack of resolution, 
the par ameters of C1, 02, C3 and OJ were undoubtedly subject 
to larger errors than those of the other a toms . 
\V~th these new par ameters, still another structure 
factor calculation for the hOL zone was made . However, the 
distribution of signs did not change a t all from that used 
to compute Fourier v. It was therefore ass~med that the 
limit of Fourier refinement in this projection had been at-
tained and that recourse to least squares refinement would 
ha ve to be made. At this stage in the investigation the 
"reliability f actor", defined by the equa tion 
R = • 100 
wa s 22.4% for the hOL zone. 
The general mathematical background of t he leas t squares 
method can be found in a number of standard works, notably in 
"The Calculus of Observations 11 by Whitaker and Robinson (30). 
The manner of application of this method to the problems of 
crystal structure ana lyses has been presented by Hughes (31), 
Shoemaker, Donohue, Schomaker, a nd Corey (3), etc. A discus-
sion of the errors in the results of least squares solutions 
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has been given by Cruikshank (32). 
Briefly, if one desires to find the most probable ans-
wers for x and y from a set of equat ions: 
Atom 
cl 
c2 
c3 
c4 
c5 
Nl 
(l)N2 
(2)N2 
01 
02 
03 
04 
s 
TABLE I 
PARAMETERS FROM hOL FOURIERS 
Fourier III. 
X 
0.342 
.278 
.320 
.327 
.167 
.310 
.275 
.343 
.337 
.395 
.280 
.079 
.037 
z 
0.022 
.060 
• 230 
.305 
.005 
.158 
.348 
.375 
. 455 
.052 
.200 
. 260 
.457 
Fourier IV. 
X 
0.340 
• 290 
.320 
.327 
.163 
.315 
.345 
.332 
.392 
.298 
.079 
.035 
z 
0.025 
.068 
.223 
.300 
.006 
.152 
. 377 
.455 
.052 
.214 
. 262 
.455 
Fourier v. 
0.344 
.294 
.320 
• .325 
.160 
.316 
.351 
. 330 
• .389 
. .300 
.075 
.036 
z 
0.026 
.07.3 
.228 
.298 
.007 
.155 
.378 
.455 
.055 
. 217 
.260 
. 457 
u1: f1(x,y), u2 : fz(x,y), ----, Us .. f 6 (x,y) . l. 
where f 1- ---f8 are known functions and u1----u6 are experi-
mentally measurable quantities subject to accidental error, 
one can start with an approximate pair of values, x and y, 
and put: 
x:x+Ax, Y : Y..,_ a Y 2. 
Then: 
f 1 (x,y) 
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= f 1 <x + .1 x, Y +- Ll Y) 
= f 1 (x, Y) -r J f1 (x, 
Ji 
It should be emphasized that if L1 x and £1 y are not true in-
fini t ·e e-ima.ls this last equation is onl y approximat ely true. 
In such a situation, as stated by Hughes (31), one least 
s quares solution will not be sufficient to obtain accurate 
values of Ax and l1 y, but the pr ocess must be repeated· 
several times. 
Written as : 
J f 1 (x, y) a x + J f, <x, Y) ~ Y : u 1 - f 1 (x, Y) ~x ~y 
--------------------------------------------
Jfs(x, y) L\ X +Jfs(x, y) ,Ay =us- fs(x, y) 4. 
a-x J y 
equation 3 represents • linear equations in the vari ables 
~ x and L1 y. These are called observational equations. If 
s is greater than the total number of variables no exact so-
lution can be found in general . The method of least squares 
essentially gives values of the variables which minimize the 
sum of the squares of the errors E1---~Es of these observa-
t 
tional equations. E1, for example, is defined by the rela-
tion: 
El = d f1 <x, Y) L1 x Jf1(x, z) L1 Y - ( ul - f l (x, y) ) 5. J-x Ty 
If one lets J f1 (x, Y) ": al and J f, <x, Y) - bl - , J-x J? 
and if the symbol [ aa] = af + a~ + --- + a: and [ab] = 
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minimization of the sums of the sq~es of the errors requires 
tha t the following equations be sa tisfied: 
[ aa J L1 x + [a b] L1 y = [an] 
[ ab] L1 x + [bb] Lf y =- [bn] 
where n1 ::1 u1 - f1 {i, y) and [an] :. al n1 + a2n2 -t ---- . 
6 . 
Equa tions 6 are called the normal equations and it is 
easily seen that there are as many as there are variables in 
the observational equations. Therefore a unique solution 
for the variables can be obtained. It should also be noted 
that the various observational equations can be given dif-
ferent weights in the least squar es method correspond ing to 
diff erent estimated degrees of reliability of experimental 
results. 
As applied to crysta l structure work, the quantities 
u1 --- Us are usually either observed absolute i ntensities 
or their square roots with proper signs. The functions 
f1 ---- f 8 are the &tructure factor functions for each re-
flection from the entire crystal or from a particular zone 
if t wo-dimensiona l ~ast squares are being ca lculated. The 
parameters x, y, etc., a re the par ameters from a trial struc-
ture or from a prelimina ry Fourier refinement , while the 
variables /1x, L1 y, etc., are t he unknown coordinate shifts 
which will tend to minimize the differences between calcu-
lated and observed structure f a ctors or intensities . Of 
courseL1x,fly, etc. are not true infinites-imals so that, 
as ha s been stated above, one least squares calculation will 
not give the best possible parameter shifts. 
For the A2 space group the equations for the structure 
f actors are: 
F2 "=- A2+- B2 
A"=-? 4ficos 2~(hxi + Lzi) cos 2"kyi 
B = {- 4f1cos 21l'( hxi + Lzi) sin 2Tkyi 
?a. 
?b. 
?c. 
In the centrosymmetric hOL zone amplitudes instead of inten-
si ties may be used so tha t the_ observational equations are 
of the form: 
8. 
where~whOL i s a weighting factor for the reflection in que s-
tion, qi is a generalized coordina te of the ith a tom and 
~ FhoL ~ Fobs - Fcalc· Only non-zero Fobs are usually in-
corporated in these calculations. 
Restricting the calcul a tion to the hOL zone only deriv-
ative s with respect to x and z can be computed. The para-
meter shift s derived from such a two-dimens ional ~st squares 
must not be considered as fina l since a gr eat mass of data 
from the hlL, h2L, and h0L zones is neglected. 
The r espective deri vative s for t his particular pr oblem 
have the form: 
d FhOL 
J xi 
J FhOL 
c}- z i 
9 . 
The actual calculations for t he first two-di mens i onal 
lea st squares on diglycylcystine were performed at the same 
-48-
time tha t the structure factor calculation using parameters 
from Fourier V was made. (See Appendix I I). The weighting 
factors were obt a ined from the following equations: 
whOL = 100/F~OL for F~OL~ 1~ F~OLmin. ~ 100 
;: 1 for F~oL ~ 16 F~OLmin. 10. 
This is essentially the same weighting scheme as used 
by Hughes (31) in the investigation of the structure of 
melamine and is equivalent to taking the percentage error 
in the intensi tie s as constant for intensities more than 
•' 
sixteen times the background and the absolute error constant 
for lesser intensi t ies . 
After calculnting the coefficients of the observational 
equations and the 4 F terms, the coefficients of the normal 
equations were computed. (See Appendix II.) Here again the 
ob s erved intennity of the 300 reflection was discounted and 
the calculated value inserted in its place. There being one 
half a molecule of formula C1QN4o6s2H1a · 2H20 per a symmetric 
unit of the structure, or twelve atoms excluding hydrogens, 
twenty four norma l equations were derived. They were solved 
in a reasonably short period by the iteration method of 
Gauss and Seidel described in 11 The Calculus of Observations 11 • 
The resultant coordinate shifts are listed in column two of 
Table II whi le the corrected parameters are g iven in the 
third column . 
Comparing t he shifts obtained from the results of 
Fouriers IV and V with those f rom the first least squares, 
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it is seen that several large changes occur in the l atter. 
This is particularly true of the parameters of C1, c3 and 03. 
However these are just the atoms left unresolved by the hOL 
Fourier projection so it might be expected that their para-
meters would change markedly when the greater resolving 
power of the lea st squares method was applied to the problem. 
Parameters from the first least squares solution were 
now used to r~ompute the hOL structure f actors. Tabulation 
of the results, after recalculation of the absolute scale 
and temperature f actors, showed that the reliability factor 
had decreased to 17.4%. (It is interesting to note that 
even though the parameter shifts themselves were large, and 
therefore the probable errors in the corrected coordinates 
were large, the discrepencies between observed and calculat-
ed amplitudes were much smaller. To the author's knowledge 
this property of least squares solutions as employed in 
structure work has not been previously reported.) 
Again, while calculating structure factors the coeff i-
cient s of observational equations were calculated prepara-
tory to the formation of a second two-dimensional least 
squares. The derivation of the normal equations was accomp-
lished a s before: solution of them gave the parame ter shifts 
listed in the fourth column of Table II and t he amended para-
meters in column five. 
The coordina te cha nges obtained from the second least 
s quares can be seen to be smaller on the average than the 
~irst least squar~ shifts. The probable errors in the re-
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fined parameters we re not ca lcula ted specifically bnt from 
the magnitude of the shifts they could be estimated a s about 
0 . 02 to 0 . 00A. A structure f actor calculat ion using the new 
par ameters showed that the agreement between observed and 
c alculat ed da t a was now about 16. 6%. This does not repre-
sent a l a r ge decre ase in the reli ability f actor, but the 
corrected par~neters undoubtedly have much smaller probable 
errors than the previous parameter set . 
Since ther e was little point in continuin~ the refine-
ment of the x and z parameters beyond t his stage without us-
ing complete three dimensional data , an a ttempt was now made 
to estimate t he y parameters. This phase of the investiga-
tion a nd the subsequent refinement of parameters will be 
presented in the following section . 
TABLE II . 
Parameters Shifts f r om Corrected 
f rom Fourier v 1st Leaot Squares Parameters 
Atom X _ z_ __ x _ z X z 
cl Ot, ~44 0 . 026 -0 . 004 -0 . 005 0 .340 0.021 
Cz . 294 • 073 .ooo -. 004 . 294 . 069 
03 . 320 . 228 . 010 . 004 .300 . 202 
04 . 325 . 298 - . 000 -.001 . 322 . 297 
c5 .160 . 007 . 003 .ooo .160 . 007 
Nl • 016 .155 - . 002 - . 001 .014 .154 
N2 . 051 . 078 ... . Gel1 .... 002 . 350 • .376 
(cont ' d. next page) 
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TABLE II ( CONT 1 D.) 
Parameters ~hifts from Corrected 
from Fourier v 1s Least Squares Pa rameters 
Atom X _ z_ 
__lC_ _z_ _L _z _ 
01 • .3.30 .455 .ooo -.001 . 3.30 . 454 
02 • .389 . 055 .ooo -.001 . .389 .054 
0.3 . .300 .217 -.007 -.002 .293 .215 
04 . 075 .260 -.00.3 .001 .072 . 261 
s .0.36 .457 -.004 -.001 • 0.32 .456 
Shifts from Corrected 
2nd Least Squares Parameters 
Atom 
__L __L _L _z_ 
o1 0.001 0.002 0 • .341 0.02.3 
c2 -.004 -.002 . 290 .067 
0.3 -.006 -.00.3 • .324 .229 
04 .002 .ooo • .324 .297 
c5 -.00.3 -.001 .160 .006 
N1 .004 .001 .,318 .155 
N2 .ooo .ooo • .350 . .376 
01 .OOill .ooo • .3.31 .454 
02 .001 .002 • .390 .056 
0.3 . 001 .000 .294 . 215 
04 -.004 -.002 .068 .259 
s .ooo .ooo .0.32 .456 
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B) The completion of the structure analysis and final re-
finement of parameters 
1. An estimation of y parameters aided by a calcula-
tion of several line Pattersons and Patterson sections. 
Bqstarting with the refined x and z pa ramet ers obtained 
from projection work, the y parameters were estimated from 
i) the distances between bonded atoms in projection, and 
ii) the usually accepted bond lengths for peptide molecules 
(11). It was seen a t once that certain ambiguities would a-
rise in such a method. For example, assuming the y para-
meter of the sulfur atom in the asymmetric unit to be zero, 
this being allowed in the non-centrosymmetric A2 space 
group, t he bond from that sulfur to the adjacent methylene 
carbon atom might be oriented in either of the following 
ways: 
CHz 
/ ~ 
diglycine i 
chain 
I . 
diglycine 
chain ~ 
CHz 
II. 
s 
/ 
From the hOL projection alone it was a lmost impossible 
to choose between these two configurations. Then again , the 
orientation of the diglycine chain with r espect to the b axis 
might at first glance be thought uncertain. On closer in-
spection, however, this was not f ound to be the case . Con-
sidera tions of the necessary coplanarity of the a mide group 
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and hydrogen bonding conditions supported the following model 
for the chain : 
~ H 
/ c--~ --- J\1 - c ___. c Hz--- 1'1 H 
0 1/ J 
0 
It would appear tha t this model of the diglycine chain 
would settle the doubt concerning t he -CH2-S- side chain con-
fi guration in f avor of model II. Actually, this was by no 
means obvious when ball and stick models of the molecule were 
prepared and superimposed on the hOL projection, certa in ro-
tations about the C - C and C - N bonds giving a plausible 
fit for the model constructed using configurat ion I. 
Still a nother ambiguity was noted when t he y parameters 
of the water oxygen were estimated. The wate r molecule must 
be forming two hydrogen bonds, one to the water molecule· im-
mediately beneath or above it and rela ted to it by the t wo-
fold screw r ot a tion, and the other to one of the oxygen atoms 
of the diglycine chain. It is t his l a tt er bond which would 
fix the roughly estimated y parameter of the water oxygen . 
Examining the p roj ection, it was noted tha t this oxygen , by 
suitable changes in its y parameter, could be brought close 
enough to either a carboxyl oxygen or the a mide carbonyl oxy-
gen to permit hydrogen bond forma tion. Since the p r ojection 
distances were, in both cases, about what would be expected 
for an 0-H---0 bond the y parameter of t he water oxygen could 
be t aken equal to the y parameter of either chain oxygen as a 
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first approximation. 
To resolve these ambiguities Patterson sections and line 
Pattersons were employed. Three dimensional intensity data 
were obtained from the hlL, h2L, h3L, hkO and hkl Weissen-
bergs. This was probably not far from complete data, only a 
few weak h4L reflections being unobserved. The corrected hkO 
intensities were put on an approximate absolute scale by com-
parison of the observed hOO spectra with the absolute hOO in-
tensiti e e from the hOL zone. Similarly, an absolute scale 
factor for the h2L zone was obtained by comparison with ab-
solute h20 intensities. Scale factors for the hlL and h3L 
zones were computed by Wilson's method (27). 
Two independent sets of y parameters for the peptide 
molecule were now estima ted f~o~ the projection distances 
and usual bond leng ths, the fir s t set from model I of the 
-CHz£- side chain and the second from model II. The y para-
meters of the chain atoms differed widely from set to set so 
tha t the line Pattersons mi ght be expected to give a clear-
cut solution. The two parameter sets are g iven in Table III. 
These parameters are for the peptide molecule with Ys 
arbitrarily chosen as 0.000: no water oxygen is g iven since 
the uncertainty as to its position could not be clarified 
until the uncertainty as to the side chain configuration had 
been resolved. 
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TABLE III 
Model I. Model II. 
Atom y y' X z 
cl 0.300 0.072 0 .341 0.023 
c2 .109 • 891 . 290 .067 
1"1 VJ .145 .908 .324 .229 
04 .353 .116 .324 .297 
c5 .277 .723 .160 .006 
Nl .237 .019 . 318 .155 
N2 .171 • 934 . 350 .376 
01 .175 .937 .331 -.046 
o2 .524 .286 .390 .056 
03 .893 .653 .294 .215 
s .ooo .ooo .032 -.044 
The z parameters of the sulfur at.om, 01, Oz, c1 , C2, 
and c5 are so nearly equal that a Patterson section at 
w ~ 0 was calculated i n the expectation that several, if not 
all, these vectors would be resolved. This section is shown 
in Figure VI. The appearance of peaks in positions predict-
ed by the y parameters of model II rather than mode» I was 
interpreted as strongly indicative of the correctness of the 
former. 
To confirm this conclusion line Pattersons at values of 
the vector coordinates u and w corresponding~other sulfur -
chain atom distances were computed. These also served to 
support the configuration depicted by model II. 
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Having establiShed the side chain configura tion, an at-
tempt wa s now made to fix the y parameter of the water oxy-
gen by means of line Pattersons at u: 0.036, w: 0.197 and 
at u = 0.100, w ~ 0.215 along which one would expect to find 
peaks representing the intera ctions of this a tom with the 
sulfur a tom at y = 0.000. These Pattersons, when computed, 
showed clear l y tha t the water oxygen wa s a t nearly the same 
level as the ami de carbonyl oxygen a nd was therefore forming 
a hydrogen bond to that atom r a ther tha n to 01. This result 
nece3sar 1/!J 
wa s anticipated~beforehand since if t he hydrogen bond had 
been directed to 01 this oxygen would have been accepting 
three such bonds, a situa tion never before encountered. 
Structure f a ctors A and B c~. culated for the hlL, h2L, 
and h3L zone s from the rough par amet ers of set 2 showed 
fair agreement witn observed intensities. From t hese struc-
ture facto rs a recalculation of scale and temperature fac-
tors in the three zones was made ·using a g r aphical averaging 
method wh ich plots L. r2 1 /lE_F2b , summed over a g iven ca c o s 
r c>.nge of sin .Q, vs: sin.Q. A straight line drawn through the 
sca t ter of points then g ives the scale factor from its inter-
cept and the temperature f actor from it s slope. The results 
of this ca lcula tion suggested that the temperature factors 
for the hlL, h2L, and h3L zone s were 3 ~ 8 , 4.2 and 4.7A~ re-
s pectively. No obvious reason for this trend could be found 
2 so a uniform temperature factor of 4.0A. was applied to the 
calcula ted structure factors a t this stage. 
A one dimensional y least squares was now prepared as 
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the f irst step i n t he r efinement of the y par ameters. Due 
to t he compl e x structure f actor, thi s lea st squar e s solution 
ha d to be performed on the F2 values r ahher than on F's. 
F2-: A2 -t-B2 
= 2A J_! + 2B cLa,_ ~ Yi ~ Y i 
From th~ def i nition of A and B given in equa tion 7: 
cl!_ :. -4.21Tkf1 cos 27T{hx1 + Lzi) sin 21Tkyi 
dYi 
= -27fkBi 
~ : 4.2"kfi cos 2J(hxi + Lzi) cos ~Tkyi 
J Yi 
Therefore: 
11. 
~-
By neglecting the x and z pa rameters in this least squares 
one is in effect neglecting the L1 x a nd L1 z shifts in com-
parison with the ~ y shifts. This was probably a good ap-
proximation for at least the prelimi nary y refinement. 
a s: 
The weights of the observa tional equa tions were defined 
~whkl = 100/ F~1 for F~kl~ 16F~klmin. : 100 
i whkl : 1 for F~1 ~ 16F~klmin. 13. 
The observa t i onal equa ti ons were t herefor e of the form: 
Z ~ whkl J F2hkl A Yi : l whkl·L1 F~kl 
J yi 
14. 
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The derivatives and ~ F2 terms were computed from the struc-
ture factor calculation mentioned above. Only hlL, h2L and 
h3L data were used since the derivatives with respect toy 
for hOL reflections were, of course, zero. 
Normal equation coefficients were calculated in the 
usual manner and the twelve equa tions solved for the para-
meter shifts ~ y1 -----d y12• The changes and the corrected 
parameters a ppear in the second and third columns of Table 
rv. 
Another structure factor calculation for the hlL, h2L 
and h3L zones was now made using the improved y coordinates. 
The agreement between observed and calcula ted intensities 
was significantly better than it had been for the prior cal-
culation. Again the scale and temperature factors for each 
zone were computed by the graphical averaging method already 
discussed. The results indicated tha t the scale factors for 
all zones were essentially correct but that the temperature 
f a ctors were in error. The revised temperature factors for 
hlL, h2L and h3L reflections were 3.8, 4.2 a nd 4.7A~ in aom-
plete agreement with the results obta ined from the first 
such calculation. Thus it would seem tha t there actually is 
a gradual increase in B with increasing k . This cannot be 
laid to an anisotropic temperature factor but presumably 
must be due to some as yet unexplained absorption or extinc-
tion effect. Even though no theoretical reason for the re-
sult could be advanced, these empirical values of the temper-
ature factor were applied to the calculated structure factors. 
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Observa tional and norma l equation coefficients for a sec-
ond y least squares were derived from the structure runplitudes 
A and B after the emenda tion noted above. The resultant para-
meter changes and the corrected y parameters are presented in 
Table IV. 
Having with this step concluded the preliminary refine-
menta of the x, y, and z parame ters, three dimensional least 
squa res were now employed to complete the analysis . A de-
scrip tion of these calcul ations and their results, together 
with a discussion of the errors in the final parameters , will 
be g iven in the next few pages. 
TABLE IV. 
Preliminary Shifts from Corrected 
Atom y parameters 1st Least Squares Pa rruneters 
cl -.072 -0.002 0.042 
c2 . 891 -.002 . 871 
03 .908 -.010 .880 
04 .116 -. 006 .092 
05 .723 .008 .713 
Nil .019 -.002 .999 
N2 . 934 -.006 . 910 
01 .437 .009 . 428 
o2 .286 - . 003 . 265 
03 .653 .009 . 642 
04 .646 .ooo . 628 
s .500 . 018 . 500 
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TABLE IV ( CONT 1 D. ) 
Shifts from Corrected 
Atom 2nd Least Squares Parameters 
cl o.ooo 0.024 
c2 - . 007 . 846 
c3 - .011 • 851 
c4 - . 008 . 066 
c5 . 015 . 710 
Nl . 006 • 987 
N2 - . 002 • 891 
01 .011 .421 
02 - . 001 .246 
03 - . 003 .621 
04 - -.. 010 . 600 
s . 018 .500 
2. The refinement of the structure using three-dimen-
sional least s quares methods. 
A general three dimensiona l least squar es on a struc-
ture a s compl icated as NN' -diglycyl-L- cystine ha s not been 
reported in the literature . The t otal of thirty six un-
known parameter shift s to be obta ined from only about 800 
observed intensiti es suggested t hat the resultant par ameters 
mi ght be subject to fairly considerable errors necessitating 
the ca lcula tion of several such le ast squares solutions in 
order to obta in satisfactory refinement . 
The observa tional equation coefficients for the general 
hkl reflections were derived a s follows: 
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Z ~whkl J F~l · L1 qi - J whkl · Ll ~kl -
t.. 
J qi 
15. 
J ..... F~kl 
:. 2A d...L+ 2B JB ~ qi J qi R 16. 
Using equations ?a and 7b: 
~ 
= -81Thfi sin 2TT(hxi + Lzi) cos 21Tky i ~xi 
~B :. 
-81J'hfi sin 2Ir( hxi + Lzi) sin 21Tkyi 
c) xi 
17. 
2.!_ 
Jzi 
= -81TLf i sin 2Jr( hxi + Lzi) cos 27Tkyi 
k_ 
-
-8JT Lf i sin 2fT(hxi + Lzi) sin ZTrkyi ~ zi -
The derivative wi th respect toy has been g iven in equation 
12. Weighting factors were computed on the basis of equa-
tion 13. 
A structure f actor calcula tion Wlth the x, y, and z 
par ameters obtained from the preliminar y refinement proced-
urea was made. Readjustment of scale and tempera ture fac-
tors s howed no apparent change in any of the four zones, hOL, 
hlL, h2L, and h3L. Calculation of 1J F~kl, d F2 / J qi and 
weighting factors for each observed non-zero reflection was 
accomplished in the usual way empl~ ying I.B. M. techniques. 
Afte r formation of t he normal equa tions, iterative 
methods were used for t heir solution. The thirty s ix equa-
tiona were solved in about eight hours by t he procedure of 
Gauss and Seidel. The shifts, together with the improved 
parameters , to four decimal places are li s ted in Table v. 
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TABLE V. 
RESULTS OF FIRST THREE- D Ili.ENS IONAL LEAST SQUARES 
Corrected Probable 
Parameter Shift Parameters Errors (A. ) 
X cl o.oooo 0.3410 0.019 
o2 -.0032 .2868 .021 
03 -.0052 . 3188 .020 
04 -.0005 . 3235 .022 
c 5 - . 0074 .1526 .021 
Nl -.0028 . 3152 .017 
N2 .0037 .3537 .018 
01 -.0009 . 3 301 .016 
02 . 0010 .3910 .017 
03 -.0036 .2904 .016 
04 -.0004 . 0676 .016 
s -.0004 . 0316 . 008 
z ol - . 0010 .0220 .022 
02 . 0020 .0690 . 024 
03 -.0049 .2241 .023 
04 -.0014 .2956 .023 
05 -.0040 . 0020 .024 
Nl -.0017 . 1533 .019 
N2 .000 7 . 3767 . 019 
01 - . 0033 .450 7 .017 
02 .0003 . 0563 .017 
03 . 0050 . 2200 .016 
04 -. 0020 .2570 . 016 
s .0004 . 4564 .007 
-64-
TABLE V.(CONT'D . ) 
Corrected Probable 
Parameter Shift Parameters Errors (A.) 
y cl . 0012 .0229 .0.37 
c2 - . 0042 .8.385 . 038 
CJ .001.3 . 8490 . 0.37 
c4 . 0006 .063.3 .0.37 
c5 . 005.3 .7120 .0.38 
Nl . • 0066 . 990.3 .0.30 
N2 .00.36 .891.3 .0.32 
01 - . 0007 . 4170 .028 
02 - . 0017 . 2410 .027 
03 - . 0067 . 6110 .027 
04 - . 0049 . 5918 .027 
s .003.3 .5000 .018 
An estimation of the probable errors in the coordinates is 
also given. These errors were computed from the relation 
( .30) : 
18. 
where m is the number of observational equa tions, s is the 
number of unknowns and D~~ i s the ith diagonal element of 
the matrix inverse to the matr ix of the normal equation co-
efficients. Assuming small off diagonal elements: 
-1 "=' 1 D· . - ~--
ll Dii 
Several surprisingly large x and z parameter changes 
were obta ined. These are undoubtedly due to the inclusion 
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of the reflections from three extra zones in the three-di-
mensional least squa res which were not incorporated in the 
prelimina ry refinement . 
Structure factors cal cula ted using the corrected para-
meters showed marked improvement. The R values for the four 
zones are present ed in Table VI . It was noted, however, 
that a number of r a ther small observed intensities were in 
rather poor agreement with calculat ed va lues. To emphasize 
these reflections in the next least s quares solution they 
were g iven higher weights defined by the equation: 
v whkl = 100/F~kl for 2 > 2 Fhkl 16Fhklmin . 
i whkl :::. 2 - F~kl/ 100 2 ~ 2 for Fhkl 16Fhklmin 
TABLE VI . 
RELIABILITY FACTORS AFTER FIRST THREE-DIMENSIONAL 
LEAST SQUARES 
Zone R 
hOL 16 . 4ro 
hlL 18 . 6/o 
h2L 18 .6% 
h3L 17.6% 
19 . 
The cal culation of observat ional and normal equa tion co-
efficients was performed in the routine manner . The coordi-
hate shifts from this second three-dimens iona l least squares 
appear in Table VII . The corrected x , y, a nd z parameters 
are also listed with their probabl e errors . As might be 
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TABLE VII. 
RESULT S OF SECOND THREE-DIMENSIONAL LEAST SQUARES 
Corrected Probable 
Parameter Shift Parameters Errors (A.) 
X c1 -.0004 .3406 .011 
c2 .0005 .2873 . 0 12 
c3 -.0032 .3156 .013 
c4 -.0003 .3232 . 012 
c5 .0006 .153 2 . 012 
N1 -.0013 .3139 . 010 
N2 .0009 .3546 . 010 
01 .oooo . 3301 .009 
02 .0002 .3912 .009 
03 .0004 .2908 .009 
04 -.0013 .0663 .009 
s .oooo .Q316 .004 
z c1 -.0020 .0200 .014 
02 -.0017 .0673 .015 
c3 -.0022 .2219 .015 
04 -.0002 .2954 .014 
05 .0012 . 0032 .015 
N1 -.0009 .1524 .010 
N2 .0010 .3777 . 0 12 
01 .0001 .4508 .00 9 
02 -.0010 .0553 .010 
03 .0010 .2210 .009 
04 -. 0010 . 2560 .010 
s -.0001 .4563 .003 
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TABLE VII ( CONT 1 D.) 
Corrected Probable 
Parameter Shift Parameters Errors (A.) 
y cJ. -.0020 .0209 .025 
02 .0064 .8449 .023 
03 .0049 . 8539 .025 
04 -.0095 . 0538 .023 
05 -.0030 .7090 .023 
Nl -.0008 .9895 .022 
N2 .0049 .8962 .019 
01 -.0040 .4130 .015 
02 -.0007 .2403 . 015 
03 .0022 .6132 .015 
04 -.0027 .5891 .015 
s -.0011 .4989 .007 
expected, the errors in the y parameters are about twice 
the x and z errors. This arises from the dependence of the 
errors on the reciprocals of the Dii terms in the determi-
nant representing the normal equation coefficients. These 
diagonal elements are roughly proportional to the squares 
of the lattice translations, x corresponding to~' etc., 
and thus the Dii's for they parameters are much smaller 
than those for x and z. It should be stated that the errore 
calculated from equation 18 are standard deviations and must 
be multiplied by 0.675 to give probable errore. 
The corrected parameters of the atoms were used to cal-
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culate a final set of structure factors. Hydrogen atoms had 
not been included in the work up to this point but as this 
was to be the last calculation they were now introduced. 
The parameters of the eleven hydrogens in the asymmetri c 
unit were estimated from projections of the structure. The 
C-H, N-H and 0-H distances were all taken as 0.9A., a pro-
cedure suggested by various other organic crystal structure 
determinations (33). The parameters so obtained are given 
in Table VIII. Two separate sets of structure factors, one 
with and one without hydrogen atoms, were prepared. It was 
readily seen that the inclusion of the hydrogen atoms im-
p roved the agreement markedly. A small scale factor adjust-
ment in the h3L zone made this agreement still better. Table 
IX gives a list of intensities computed from these hydrogen-
containing structure factors, and also the corrected observed 
intensities on an absolute scale for about 600 general hkl re-
flections. The final reliability factors for the four zones 
are presented in Table x. 
TABLE VIII. 
Parameters of Hydrogen Atoms 
Atom X y z 
Hl 0.145 0.130 0.453 
H2 .132 .585 .033 
H3 .349 .712 .098 
H4 . 324 .172 .158 
H5 .382 .184 .30? 
H6 .245 .12? .280 
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TABLE VIII (CONT 'D.) 
Atom X y z 
H7 .443 • 867 . 405 
H8 . 310 .750 .3?8 
H9 . 348 . 036 .410 
H10 . 127 . 594 . 247 
H11 . 040 .752 . 256 
TABLE IX. 
FINAL STRUCTURE FACTOR CALCULAT I ON FOR 
NN '-DIGLYCYL- CYSTINE 
h k 1 2 Fobs 2 Fcalc 
0 0 2 44 .0 43 . 6 
4 79 . 5 84. 6 
6 30 . 5 31. 8 
8 15.1 11. 7 
10 . 36 . 3 39 . 5 
12 25 . 2 26 .0 
1 0 10 .6 11.1 
1 2 4. 6 __ L ,9 
1 4 58 . 5 59 . 5 
1 6 16 . 5 18 .7 
1 10 14 .0 1 5 .8 
1 14 21. 9 25.5 
1 16 4.0 4. 2 
2 0 44. 8 46 .3 
2 2 49.1 48 .1 
2 4 26 . 5 22. 4 
2 10 17.0 15. 3 
2 14 10.9 9 .0 
3 0 173 .1 173.1 
3 2 30.8 33. 3 
3 4 11. 6 12.5 
3 6 4. 9 2 .7 
3 8 15 . 0 17. 8 
3 10 13.3 12 . 5 
3 12 22 . 0 25 . 5 
4 0 23 .8 24 .3 
4 2 6. 5 2 .4 
4 4 36 .1 40 . 3 
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TABLE IX ( CONT 'D.) 
h k 1 F2 
obs Fga1c 
4 6 9.1 11.1 
4 14 14.6 12.9 
5 0 28.4 33.8 
5 2 47.1 42.0 
5 4 11.0 5.9 
5 6 21.0 19.9 
5 8 9 .5 7.7 
5 12 2.6 3.3 
6 0 40.3 44.7 
6 2 39 .5 42 .9 
6 4 11.4 7.7 
6 6 21.9 24.8 
6 8 4.1 2.4 
6 12 7.0 10.7 
7 0 5 .0 2 .7 
7 2 13.0 17.0 
7 4 24.8 29.5 
7 6 16.1 20.2 
8 0 16.0 22 .9 
8 2 10.2 9.8 
8 6 8.8 6.6 
8 8 10 .3 s ; 6 
9 0 4.0 5 .4 
9 2 9.5 13.6 
9 4 3.1 1.7 
9 6 9.5 11.0 
11 0 10.0 13.5 
1 2- 30.2 27.4 
1 4- 38.9 44.2 
1 6- 13.8 10.1 
1 10- 18.9 19 .7 
1 12- 17.0 12.7 
1 16- 4.5 5.6 
2 2- 20.1 22.6 
2 4- 4.5 1.6 
2 6- 61.0 61.1 
2 8- 18.9 17.3 
2 10- 28.6 30.6 
2 12- 15.2 13.9 
2 14- 36.0 38 .4 
2 16- 5 .9 . 7.4 
3 2- 23.0 24.4 
3 4- 32 .8 29 .8 
3 6- 4 7. 9 47.0 
3 8- 25 .3 21.4 
3 10- 60 .8 63.4 
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TABLE IX (CONT 1 D.) 
h k 1 2 Fobs F2alc 
3 12- 3.3.5 .30.7 
3 14- 5.0 8.9 
3 16- .3.3 1.0 
3 18- 4.0 6.7 
3 20- 3.4 5.0 
4 2- 28.6 29 .4 
4 4- 47.8 48.8 
4 6- 47.3 42.7 
4 8- 47.0 43.0 
4 10- 15.7 14.7 
4 12- 14.9 13.5 
4 14- 27.0 25.0 
4 16- 4.2 4.8 
4 18- 2.6 5.8 
4 20- 6.1 7.2 
5 2- 49.5 54.0 
5 4- 30.3 32.7 
5 6- 34.1 25.3 
5 8- 44.2 48.2 
5 10- 21.1 18.6 
5 14- 35.0 31.9 
5 16- 20.1 16.0 
5 18- 7.0 5.7 
5 20- 3.5 9.5 
6 2- 3.0 4.3 
6 6- 2.3 1.3 
6 10- 25.4 a5.2 
6 18- 8.2 10.7 
6 20- 2.7 6.1 
7 2- 8.2 14.3 
7 4- 39.5 44.8 
7 6- 35.8 40.6 
7 8- 38.7 41.7 
7 10- 4.1 7.4 
7 12- 9.5 5.1 
7 14- 65.3 57.4 
7 16- 17.0 12.3 
7 18- 20.9 22.1 
7 20- 8.6 6.7 
8 2- 20.0 29.6 
8 4- 21.1 26.8 
8 6- 6.0 .3 
8 8- 30.0 35.7 
8 12- 15.9 19.3 
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TABLE IX ( CONT 1 D. ) 
h k 1 F~:ca F~alc 
8 14- 14.2 9 .5 
8 16- 20 . 7 15 . 3 
8 18- 13.0 12. 3 
8 20- 7 . 1 6 . 7 
9 2- 22.1 21.4 
9 4- 21.9 23. 7 
9 8- 9 . 2 10 . 8 
9 12- 8.0 7.6 
10 2- 18. 0 22 . 1 
10 4- 24.9 28.6 
10 6- 31.6 27.7 
10 8- 23.9 25 . 4 
10 12- 5.9 7.1 
10 14- 44.3 40.0 
10 16- 5 . 3 4 . 2 
10 18- 18. 2 17.4 
11 4- 12. 5 17.1 
11 6- 6.0 4.2 
11 12- 5.0 7 . 6 
1 1 16- 7.2 7 . 1 
12 2- 11 . 0 11 . 0 
1 2 4- 3.0 6 . 1 
12 10- 4 . 2 4.6 
12 12- 17 . 7 15.9 
12 14- 5.2 9 . 2 
12 16- 9.8 11.9 
13 2- 8.0 11.3 
13 6- 6.5 12 . 7 
13 10- 4.8 5 . 3 
13 12- 12.9 16.6 
13 14- 21.8 20.9 
13 18- 11.5 10.7 
13 20- 5.2 2 .9 
14 12- 3.0 7.0 
14 16- 5.8 7 . 3 
1 5 12- 6.7 9 . 1 
15 16- 6.0 9.1 
16 10- 3.1 2 .3 
0 1 3 52 .0 57.4 
1 5 38 . 4 35.1 
1 7 13 . 7 13.7 
1 9 44.5 42.1 
1 11 20 .0 22 .7 
1 13 9 . 1 9 .0 
1 15 6 .4 9 .1 
1 1 1 12 . 9 11.1 
1 1 3 31 . 0 36.5 
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TABLE IX (CONT 'D.) 
h k 1 F~bs Fga1c 
1 1 5 31. 3 06.3 
1 1 7 28 .0 30.9 
1 1 9 7. 0 5 .1 
1 1 11 16.5 18.5 
1 1 13 10.1 10 . 9 
1 1 15 9 . 0 9 . 3 
2 1 1 63 . 8 71.9 
2 1 0 22 .8 17.7 
2 1 5 30.0 37.4 
2 1 7 9 .0 14.9 
2 1 9 7.0 13.0 
2 1 11 8 .4 12.7 
2 1 13 12. 2 8.9 
3 1 1 68 . 9 76.6 
0 1 0 35 .1 40 . 8 
3 1 5 27 . 0 32 . 9 
3 1 7 12.5 11.3 
0 1 9 12 . 2 13.1 
3 1 11 14.5 17.2 
4 1 1 28 . 4 30.0 
4 1 .3 12.0 9 • .3 
4 1 5 28 . 0 .32 . 9 
4 1 11 7.0 7.8 
4 1 1.3 .3.4 5.2 
5 1 1 .31.6 38 . 9 
5 1 .3 15.0 8.8 
5 1 5 18.3 23.5 
5 1 7 6.0 9 • .3 
5 1 9 4.4 10.4 
6 1 1 .3.3 . 4 .3.3.1 
6 1 3 19.8 23 . 6 
6 1 5 21.0 22 .7 
6 1 7 10 . 0 10.7 
6 1 11 .3.0 6 .7 
7 1 3 9 .0 10 • .3 
7 1 5 9 . 0 9 . 3 
7 1 7 .3 .0 7.9 
7 1 9 2 .1 2 . 9 
8 1 1 5.0 8 .7 
8 1 .3 10.3 6 .3 
8 1 5 9.4 9 . 0 
8 1 7 3.8 4 .2 
9 1 1 5 . 6 6 . 5 
9 1 3 4 . 9 9 .3 
9 1 5 5 . 2 7 . 2 
9 1 ? 6 .0 8 .? 
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TABLE IX (CONT 1 D.) 
h k 1 F~bs F2 cal~ 
11 1 1 .3.2 5 . 2 
1 1 .3- 20.4 21.9 
1 1 5- 40 . 9 42.7 
1 1 7- 26.9 24.2 
1 1 9- 8.7 9.0 
1 1 11- 1.3.5 14 • .3 
1 1 1.3- 15.5 1.3 • .3 
1 1 15- 9 . 0 8.5 
1 1 17- 4.0 5.7 
2 1 1- 44 .2 46.9 
2 1 .3- 1.3.2 1.3.9 
2 1 5- 20.0 20.8 
2 1 7- 58.2 55 . .3 
2 1 9- 15.0 16 • .3 
2 1 11- 26.7 22 .8 
2 1 1.3- 15.7 17.9 
2 1 15- 7.4 8.8 
2 1 19- .3.0 4.5 
.3 1 1- 44.0 48.9 
.3 1 .3- 64 .2 66.2 
.3 1 5- 2.3 . 8 21.2 
.3 1 7- 58.0 52.2 
.3 1 9- 61.6 60.4 
.3 1 11- 15.5 12.6 
9 1 1.3- 1.3.7 14.2 
9 1 15- 10.0 6 .9 
9 1 17- 11.7 11.2 
9 ' 1 19- 12.0 9.7 
9 1 21- .3.5 .3 .7 
10 1 1- .3.0 5 .8 
10 1 G- 2.3.4 29.4 
10 1 5- 20 • .3 22 .6 
10 1 7- 8.6 9.9 
10 1 9- 6 • .3 6.7 
10 1 11- 4.5 8 • .3 
10 1 13- 15.5 1.3.7 
10 1 15- 2.3.6 24.0 
10 1 17- 1.3.0 11.2 
10 1 19- 6.5 5.7 
10 1 21- 8.5 5.8 
11 1 1- 3.0 9 .4 
11 1 3- 6.9 6.7 
11 1 5- 7.0 6.1 
11 1 7- 12.8 11.1 
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TABLE IX ( OONT I D. ) 
h k 1 2 Fobs 2 Fcalc 
11 1 9- 5 - 0 9 . 2 
11 1 11- 2 . 9 4 . 1 
11 1 13- 3 . 6 7 . 4 
11 1 15- 10 . 3 9 . 1 
11 1 17- 3 . 8 5 . 9 
11 1 19- 3 . 3 1.8 
11 1 21- .3.0 2 .1 
1 2 1 1- 5 . 8 4 . 5 
12 1 .3- 5 .0 8 . 7 
1 2 1 5- 2 . 4 1 . 5 
1 2 1 7- 5 . 5 9 . 7 
12 1 9- 3 . 5 7 . 6 
1 2 1 11- 4 . 0 1. 6 
12 1 13- 13.8 16 . 2 
12 1 15- 2 . 5 4 . 5 
12 1 17- 11.7 11.1 
12 1 19- 6 .0 4 . 3 
1 3 1 1- 2.6 2 .7 
13 1 3- 10 . 0 16 . 2. 
13 1 5- 4 .1 6 . 8 
13 1 i!- 2 . 9 3 .3 
13 1 9- 4 . 0 7 . 4 
13 1 11- 5.2 6 . 8 
13 1 13- 15. 2 13.4 
13 1 15- 11. 8 12 . 0 
13 1 17- 3 . 9 4 • .3 
13 1 19- 1. 3 1.0 
14 1 15- 7 . 5 6 .3 
15 1 9- 3 . 5 5 . 4 
1 5 1 11- 5 . 5 3.1 
1 5 1 13- 6 .0 8 . 0 
15 1 15- 2 . 5 3 . 0 
0 2 0 49. 2 54 . 2 
2 2 33. 7 36 . 5 
2 4 34 . 9 37 . 2 
2 6 3 . 6 4 .7 
2 8 9 . 8 11.0 
2 10 18 . 3 17. 8 
2 12 14.5 1.3 . 9 
2 14 8 .0 8 . 0 
2 16 6 . 3 5 . 2 
1 2 0 41. 2 44.1 
1 2 2 .33.0 32 . 9 
1 2 4· 38 . 3 34.7 
1 2 6 5 .0 9.1 
1 2 8 24. 8 1 9 . 9 
1 2 10 21 . 3 22 . 7 
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TABLE IX (CONT'D.) 
h k 1 2 Fobs F~alc 
1 2 12 1 4 .1 11.9 
1 2 1 4 1.3 . 2 12 . 4 
2 2 0 19 . 2 20.1 
2 2 2 29 .0 27 . 8 
2 2 4 10 . 9 11.7 
2 2 6 12.6 1.3.5 
2 2 8 7.5 5 . 4 
2 2 1 2 4 .1 2 .2 
.3 2 0 54 .1 56.6 
.3 2 2 45 . 5 45 . 8 
3 2 4 29 • .3 29.7 
.3 2 6 19 . 8 22.7 
.3 2 8 8 .7 7.7 
.3 2 10 4 • .3 6 .7 
.3 2 12 9 .0 7.6 
.3 2 14 2 . 0 .3.7 
4 2 0 24.5 22. 6 
4 2 2 24 . 0 25.5 
4 2 4 21. 4 21.8 
4 2 6 15 .1 12 . 9 
4 2 8 9 . 7 6 .5 
4 2 10 5 • .3 4 . 4 
4 2 12 5 . 8 5 . 5 
5 2 0 13 . f. 10 .9 
5 2 2 (l.3 .0 25 .1 
5 2 4 1 4 . 6 1 2 .7 
5 2 6 8 .0 6 • .3 
5 2 8 7.6 7.7 
6 2 0 21.7 24.6 
6 2 2 20 .0 22 .8 
6 2 4 12 . 5 12 . 8 
6 2 6 8 . 0 11.7 
7 2 2 3 .0 .7 
7 2 4 4.5 7.1 
7 2 6 9 .0 8 .7 
8 2 0 8 . 5 11.2 
8 2 2 10 .4 1 0 . 9 
8 2 4 11.4 10.7 
8 2 6 7.0 6.5 
8 2 8 .3.5 5 .7 
9 2 0 7.0 11.2 
9 2 2 8.2 9 .9 
9 2 4 5.7 6 .0 
9 2 6 2 . 4 4 .0 
1 2 2- 16.5 15.4 
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TABLE IX (CONT 'D.) 
h k l Fgbs 2 Fca1c 
1 z 4- 16.0 1 5 . 4 
1 2 6- 45 .1 4.3.0 
l 2 8- 17.7 19.8 
1 2 10- 22 . 2 22.1 
1 2 12- 9 .7 9 .1 
2 2 2- .31 . 6 28 .1 
2 2 4- 36-7 33 . 5 
2 2 6- 1 0 .0 12.1 
2 2 8- 27 . 5 21.1 
2 2 10- 27 .5 29 .4 
2 2 1 2- 15.3 13.1 
2 2 1 4- 1 8 .. 6 15.9 
2 2 16- 4.5 7. 5 
2 2 18- 2 • .3 2 .1 
3 2 2- 16 .. 0 19.3 
.3 2 4- 26.5 22.5 
3 2 6 - 7 . 0 6.4 
J 2 8- 15.7 16. 2 
J 2 10- 15.6 16 .. 4 
J 2 12- 7.1 6 .9 
3 2 14- 5.2 4.6 
3 2 1 8- 6 .2 4.1 
4 2 2- 1 8 .1 16.8 
4 2 4- 3 .1 5 .0 
4 2 6- 32.0 30.3 
4 2 8- 22. 4 1 8 . 8 
4 2 10- 22 . 9 21.0 
4 2 12- 14.0 1 0 .1 
4 2 14- 14.5 8 .7 
4 2 16- 1 2 .0 9 .1 
4 2 18- 10.5 7.7 
5 2 2- 5 . 5 9.1 
5 2 4- 25 .6 27.4 
5 2 6- 26 .1 19 . 8 
5 2· 8- 32.0 30. 5 
5 2 10- 19.8 11.8 
5 2 1 2- 3.8 5 .1 
5 2 14- 14.7 9.6 
5 2 16- 6 .7 6 .2 
5 2 18- 3.5 3.5 
6 2 2- 15 . 6 13.1 
6 2 4- 22.6 2.3 . 1 
6 2 6- 15.6 17.4 
6 2 8- 40.0 37 .. 7 
6 2 10- 26 .7 22 . 4 
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TABLE IX (CONT'D.) 
h k 1 Fgbs 
2 
Fca1c 
G 2 12- 6.5 7.9 
6 2 14- 9 .0 6 .1 
6 2 16- 11.1 7 . 3 
6 2 18- 9 . 2 6.9 
6 2 20- 6 .0 5. 1 
7 2 2- 7.6 7.8 
7 2 4- 20 . 9 19.0 
7 2 6- 25 .1 23 . 2 
7 2 8- 17.4 17.2 
7 2 10- 17.6 15.0 
7 2 12- 18.9 13.1 
7 2 14- 12 . 8 8.1 
7 2 16- 6.0 5.8 
7 2 18- 9.5 8.3 
7 2 20- 7. 2 5 .1 
8 2 2- 9 .1 8 . 6 
8 2 4- 28.7 28 .4 
8 2 6- 29.2 23.4 
8 2 8- 22.3 24.7 
8 2 10- 7.0 4 . 6 
8 2 14- 9.3 10 .2 
8 2 16- 9 .0 6.5 
8 2 20- 5.0 2.6 
9 2 2- 6.0 8 .1 
9 2 4- 6.0 10 .2 
9 2 8- 20.8 20 . 8 
9 2 10- 9.3 9 . 8 
9 2 12- 4.0 3 .2 
9 2 14- 13.5 10.5 
9 2 16- 15.3 10.2 
9 2 18- 13.7 9.1 
9 2 20- 5.7 4.8 
10 2 2- 5 . 3 8 . 5 
10 2 4- 9.3 10.3 
10 2 6- 5.0 6 .8 
10 2 8- 3.0 7.8 
10 2 10- 8.0 6.0 
10 2 12- 14.6 11.7 
10 2 14- 19. 3 15.3 
10 2 16- 5.2 6.7 
10 2 18- 11.2 7 .7 
10 2 20- 8.5 4.7 
11 2 2- 4.6 6 .1 
11 2 4- 12.1 11.6 
11 2 6- 14.6 11.7 
-79-
TABLE IX ( OONT 1 D.) 
h k 1 F~bs 2 Fcalc 
11 2 10- 2 • .3 5.4 
11 2 12- 6.4 6 .4 
11 2 14- 8.5 8 .5 
11 2 16- 14.2 9 .5 
11 2 18- 2.1 .3.7 
11 2 20- 4.4 2.8 
12 2 2- 4 . .3 5.2 
12 2 8- 8.0 6 . 2 
12 2 1 2- 4.5 5 • .3 
12 2 14.:. 3 . .3 4.8 
12 2 16- 5 . 0 5.3 
1.3 2 2- 4.0 7.4 
13 2 4- 6.9 8 .1 
1.3 2 6- 4.5 5.8 
13 2 8- 2 .0 5 . 8 
1.3 2 12- 5 . 3 7.1 
13 2 14- 8 .5 8 . 6 
14 2 6- 4.4 4.4 
14 2 16- 3.0 3 . 5 
0 3 3 12.8 13.2 
.3 5 10.9 11.1 
.3 7 2.3.4 22.9 
.3 9 11.5 10.4 
3 11 12.0 9 . 9 
3 13 .3 . 8 4 .4 
3 15 3.1 3.0 
1 3 1 27 . 6 27.6 
1 3 .3 22 .0 23 .2 
1 3 5 14..3 14.2 
1 3 7 18.8 18.7 
1 .3 9 12.3 10.0 
1 3 11 10.1 9.6 
1 3 1.3 7.0 6.2 
2 3 1 19.4 19.3 
2 3 3 19.0 21.7 
2 3 5 9 .1 10~9 
2 .3 7 6.6 6.8 
2 .3 9 3.0 4.0 
2 3 11 4.0 5 .3 
2 3 13 3.7 4.2 
3 3 1 20 .1 20.5 
3 3 3 9 .7 10.0 
3 3 5 4.8 5.2 
3 3 7 10.2 10.7 
3 3 9 3.4 4.4 
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TABLE IX (C ONT' D.) 
h k 1 F~bs 2 Fca1c 
.3 .3 11 .).7 .3 . 6 
.3 .3 1.3 .3.4 .3 . 8 
4 .3 1 10. 2 9 . 9 
4 3 .3 12 . 8 12 .9 
4 .3 5 9 . 9 11.9 
4 .3 7 6.5 11.1 
4 .3 11 3 • .3 4 • .3 
5 3 1 10.7 11.9 
5 3 .3 15.2 17.8 
5 .3 5 9 • .3 1.3.1 
5 .3 7 2.8 2 . 9 
6 .3 1 10 • .3 15 . 0 
6 .3 .3 9 . 0 11 . 6 
6 .3 5 2 . 9 4 . 1 
6 .3 7 4.0 8 .1 
7 .3 .3 .3.1 .3.4 
8 .3 .3 .3 . 2 6 .6 
9 .3 .3 2 . 8 .3 . 7 
9 .3 5 2 • .3 2 . 6 
1 .3 1- 22.9 2.3 . 8 
1 .3 .3- 14 . 6 15 . 0 
1 .3 5- 8 . 0 6.8 
1 .3 7- 10 .0 8 • .3 
1 .3 9- 7 • .3 8 • .3 
1 .3 11- 6 . 0 6 • .3 
1 .3 1.3- .3 . 8 4 . 0 
2 .3 1- 14 . 0 14.1 
2 .3 .3- 10 . 2 10. 7 
2 .3 5- 8 . 0 4.1 
. 2 .3 7- 29. 0 28 . 9 
2 .3 9- 21 . 0 17 . 5 
2 .3 11- 1.3. 9 11.8 
2 .3 1.3- 9 . 8 8 . 0 
2 .3 15- 2 . 8 1 . 8 
2 .3 1 7- 2. 7 2 . 0 
.3 .3 1- 19. 5 21.7 
.3 .3 .3- 10. 4 8.0 
.3 .3 7- 16. 0 16 . 6 
.3 .3 5- 22 • .3 22 . 0 
.3 .3 9- 18. 0 16 . 9 
.3 .3 11- 15 . 5 15. 6 
.3 .3 1.3- 5 . 4 5 . 2 
.3 .3 15- .3 . 8 .3 . 8 
4 .3 1- 10.1 10. 2 
4 .3 .3- 20 .0 24. 0 
4 .3 5- 14. 7 1.3. 8 
4 .3 7- 1.3. 5 17.9 
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TABLE IX (CONT' D.) 
h k 1 2 Fobs 
2 
Fca1c 
4 3 9- 23.4 21.5 
4 3 11- 13.0 10.2 
4 3 13- 5.7 5.8 
4 3 15- 5.9 2.3 
5 3 3- 5.5 5.9 
5 3 5- 13.8 15. 2 
5 3 7- 30.0 30.1 
5 3 9- 15.9 13.1 
5 3 11- 8.4 6.4 
5 3 13- 6 . 3 4.5 
5 3 15- 3.1 2 . 0 
5 3 17- 5 . 0 3 . 8 
6 3 1- 6.0 5 . 4 
6 3 3- 2.3 2.8 
6 3 5- 6 . 2 8.7 
6 3 7- 8.3 9.8 
6 3 9- 16 . 2 15.5 
6 3 11- 8.1 8.1 
6 3 13- 3 . 8 3.3 
6 3 15- 8.7 8.5 
6 3 17- 7 . 4 6.1 
6 3 19- 3 . 8 4.0 
7 3 1- 2.2 1.0 
7 3 3- 13.8 15.7 
7 3 5- 12.0 13.2 
7 3- 7- 10.2 14.3 
7 3 9- 8.5 8.4 
7 3 11- 6.3 6.9 
7 3 13- 5 . 5 7.1 
7 3 15- 7 . 0 5.2 
7 3 17- 6 . 0 5 . 4 
7 3 19- 3 . 6 3.7 
8 3 3- 10.6 12. 0 
8 3 5- 11.2 13.9 
8 3 7- 21.0 21.4 
8 3 9- 3.7 5.6 
8 3 15- 6 . 1 5.8 
8 3 17- 3.2 3.8 
8 3 19- 3.5 2.6 
9 3 7- 5 . 0 5.4 
9 3 9- 7.9 10. 4 
9 3 11- 4 . 3 4.5 
9 3 13- 5.2 5.3 
9 3 15- 5.9 6.1 
9 3 17-- 5 . 7 4.9 
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TABLE IX (CONTI D.) 
h k 1 F~bs 2 Fcalc 
10 .3 1- 5.7 5. 5 
10 .3 3- 5 . 5 6.0 
10 .3 5- 7. 9 9.8 
10 .3 9- .3.5 4.4 
10 .3 1.3- 5.4 6.1 
10 .3 l S- 5.4 5.4 
10 .3 17- .3.8 4 . 4 
0 4 0 10.7 8.8 
1 4 12.6 11.8 
2 4 16 . .3 18 • .3 
TABLE X 
FINAL RELIABILITY FACTORS 
Zone R 
hOL 13.5% 
hlL 14 . 9'fo 
h2L 14.5% 
h.3L 12.5% 
Undoubtedly the refinement process could have been 
continued beyond t hi s point but t he accuracy of the ob-
served da t a was not great enough t o warrant such a step. 
It is possible tha t further least squares treatme nt would 
have decreased the probable errors of the y parameters. 
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C) A discussion of the results of this i nvestigation 
B~u sing coordina t es from the second three-dimensional 
LVC'I"I!. ~'a""" least squares Figures VII and VIII~showing i) a projection 
of the structure on the 010 pl ane, and i i) a projecti on of 
all the atoms between x ~ 0 and x ~ 1/2 onto the b-~ plane. 
The numbering system used to indicate a toms is also sho~n 
in both figures. Table XI gives the d istances between bond-
ed atoms and also an e s tima tion of the error in each such 
distance. Thi s error was calculat ed from the equation (36): 
Probable Error i n Rij a ~ :f Q,f 
where: Q,i :. d RiJ • ~ qi 
J qi 
20 . 
The bond angle s and their probable errors a re listed 
in Table XII. No errors f or angles involving hydrogen 
bonds are given since no probable errors in the X-H bond 
lengths could be ca lculated. All t hese values are in reas-
onable agreement with the result s of previous determinations 
with the following exceptions. 
The hydrogen bonds f ormed by the amide gr oup are all 
exceedingly long . In f act, t he va lue of 3.31A. for the 
N1---o3 distance, together with the rather poor N1-H4---03 
angle, makes the supposi tion of a hydrogen bond bet ween the 
a toms a disputable matter. The r eason for this abnormal 
dista nce is to be found in the van der WaaJ s repulsion of 
t he molecules between which t he bond is f or med. The mole-
cules in question ar e lying on top of one another in the b 
direction as shown in Figure VI I I and the sulfur a tom of 
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TABLE XI. 
BOND LENGTHS IN NN 1-DIGLYOYL-L-OYSTINE 
Bond R· j 
-l (A. ) Probable Error (A. ) 
S-S 2.04 .006 
S-05 1. 87 .020 
05-02 1.52 .019 
02-Cl 1.55 .025 
01-01 1.24 . 025 
01-02 1.21 .021 
o2~Nl 1.48 .025 
Nl-03 1.35 .026 
03-03 1. 21 .022 
03-04 1.55 .024 
04-N2 1.46 .022 
Hydrogen Bond Rij (A. ) Probable Error (A.) 
Nl--03 3 • .31 .025 
N2--01 down 2.75 .023 
N2--o1 up 2.89 . 023 
N2--02 2.75 .014 
04--04, 2.91 .026 
04--0.3 3.13 . 017 
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TABLE XII. 
BOND ANGLES IN NN'-DIGLYOYL-L- CYST I NE 
Angle (o) Probable Error 
S-S-05 10.3.0 .? 
S-05-02 105 .0 .9 
05-02-01 11?.4 1.6 
05- 0·2- Nl 11?.6 1.4 
Cl-02-Nl 109.4 1.4 
01-Cl-02 126 .6 1.6 
02-01-01 115.0 1.5 
02-01-02 118.5 1.6 
o2-N1-o3 121.6 1.6 
Nl-03-03 125 • .3 1.9 
04-03-03 120. 6 1.? 
N1-C.3-C4 113.2 1.5 
0.3-C4-N2 108 . 8 1.4 
ANGLES INVOLVED I N HYDROGEN BONDS 
Angle {ol 
C4- N2--0l (up ) 84.5 
o4-N2--ol (down) 129 .8 
o4- N2--o2 111.8 
01-0l--N2(2.98A.bond) 14.3.0 
Ol-o1-- N2 (2 .?5A.bond) 95.6 
01-02--N2 125 .9 
03-03--Nl 144.0 
02- N1---03 140.1 
0.3-N1---03 95.5 
C,3-0,3---04 106.0 
OJ-04---04 118.2 
(0) 
-88-
molecule (1) is in ver y cl os e cont act with the c5 methylene 
group of the molecule above. Calculation shows this separa-
tion to be only 0 . 65A. while the sum of the van der Waal s 
r adii of S a nd CHz g iven by Pauling (9) is 0 .85A.* This 
indi cates tha t t he molecules a.re squeezing t ogether as tight-
ly as possible in an effort to strengthen the N1-H4--03 
bond but it is just not possible to reduce the hydrogen 
bonded distance below 3 .0A. 
The reason for the water molecule forming a hydrogen 
bond to o0 ins tead of 01 ha s already been g iven. That this 
Cl .lstaJice is also abnormally long must be explained by the 
f act that both ways in which this dista nce might be short-
ened involve a weakening of other hydro~en bonds. For ex-
ample, if t he oxygen atom of the water molecule were moved 
toward o3 the hydrogen bond between 04 and the wat er mole-
cule immediately above would be .lengthened considerably. Or 
if o0 were moved toward 04 the N1H4--03 bond would become 
even longer than it is. 
Thus one sees here a case in which two oxygen atoms, 00 
and 04 , each prefer to form two rather weak hydrogen bonds 
rather than one strong one. This type of behavior supports 
the belief t hat number r ather than strength of hydrogen 
bonds may often be the important factor in deciding the 
* Reporting the structure of 22 1 m,:~;dodiethyl tri sulfide, 
Donohue (35 ) suggest s that the van der Waalg r adius of sul-
fur is too high by about 0. 2A. If this is true, the predic-
ted S- --CH2 distance would be just equal t o the obser ved s ep-
a r a tion. One may assume tha t the sulfur van der Waal.1 r adius 
is perhaps somewhere between the values g iven by Paul ing and 
Donohue. In either case it is evident that the t wo a t oms are 
a s close as, or closer than, the repulsion of the ovter elec-
trons willAallow. 
St.C.'I'III"""' 
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structure which will result. 
The weak hydrogen bonds formed by o3 also might account 
for the rather short c3-o3 distance of 1.21A. It is probably 
true that the strength of the hydrogen bonds formed by such 
an oxygen atom directly influences the amount of keto-en& 
resonance in the peptide link. Strong bonds would tend to 
stabilize the enol configura tion giving rise to C-N and C-0 
bond leng ths intermediate to the respective single and double 
bond distances, while weak bonds would lessen this stabiliza-
tion, shortening the C-0 bond and lengthening the C-N bond. 
The observed bond lengths in the imide group of diglycylcys-
ti ne s eem to confirm this hypothesis. The C-N and C-O dis-
tances, when plotted 0n a revised curve of bond length vs: 
bond or de r (34), suggest that the C.3-N1 bond has only 1/3 
double bond character and t he C- O bond 2/3 double bond char-
acter a s compared to half double bond character for both 
b onds· a s found in structures Where t he hydrogen bonding is 
stronger. 
Still another interes ting consequence of these weak hy-
drogen bonds is the Slight· non-planarity of the imide group. 
It has been mentioned in the introduction to this thesis 
t ha t complete keto-enol resona nce would subst antial~ prohi-
b it rota tion about the C.3-N1 bond and en sure t he coplanarity 
of the five a toms C2, N1 , c3 , o3 , and C4. If, however, t his 
re s onance is not complete one might expect to fi nd small de-
vi ations from the rule. Th i s s eems to be the ca se here. A 
least squares pl ane for the a mi de group using all five a toms 
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involved was calculated and deviations of the atoms from 
t his plane obt a ined. The r esul ts are given in Table XIII . 
Another least s quares plane using only N1 , c3 , 03, and C4 
was a lso calculated and the deviations derived therefrom ap-
pea r in Table XIII under D' . It can be seen that this lat-
ter plane is much more suitable if t he deviation of a tom C2 
is i gnored, that is, if a s light rotation about the C3-N1 
b ond is per mi tted. 
TABLE XIII 
D :: dev iation D' -::. deviation 
Atom from Plane 1. (A. ) from Plane 2 . (A. ) 
Nl 0.041 0.022 
c3 .077 .048 
03 -. 018 -.025 
c4 -.055 -. 016 
c2 -.051 -.164 
Thi s ro t ation corresponds to only 6°. Paulin~ has 
shown that , for complete keto- enol r esonance , a rot a tion of 
10° about the C-N bond under consideration should be accom-
panied by an increase of about 1.0 kcal/mole in the energy 
of the molecules. Taking into account the smaller amount of 
resonance here, a r otation of 6° should require about a 0 .2-
0.3· k cal/ mole increase in energy. F~om Figure VIII it can 
be seen that the rota tion brings 03 and 04 closer together 
wi thout seriously affecting the N1-H4--o3 distance , so pre-
sumably the increase in energy caused by r ot ation is more 
than accounted for by the stabiliza tion of the 03--H1o-o4 
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hydrogen bond. 
Hydrogen bonds from the end amine nitrogen atom a re all 
of the usual lengt~ although the angl e s C4- Nz--X a re not as 
close to 110° as might be desired. The disposition of three 
hydrogen bonds about Nz clea rly confirms t hat the molecule 
exis ts in the zwitter i on form . The varia tion in bond 
len~th between C1-01 and C1- 02 lies i n the exvected direc-
tion since t wo hydroge n bonds are directed t o 01 and only 
one to Oz. This con,iguration ~ould be stabilized if the 
c1-o2 bond had more double bond char acter t han the C1- o1 
b ond , a condition appar ently fulfilled i n this s tructure. 
Most of the bond ang l es li s t ed in Table XII are a l so 
typ ical of r esults previously r ecorded. Indeed t he angles 
i n the digl ycine cha i n bear a mar ked r esembl ence to t he 
angl es reported for L3- diglyci ne by Hughe s (8) . The t wo 
angl e s C5-Cz -c1 and c5-Cz-N1 are, however, subst antia lly 
l a r ge r than the usual tetrahedra l angle. No obvious reason 
for this effect has been found to date although t he l a r ge 
C5-C2-C1 angle might be caused by van der Waal's repul sion 
between the S and 01 a toms. 
A lea st squar es ~lane was also calculated for the car-
boxy l group and the deviat ions of the four a toms 01, Oz , C1, 
and c2 were found to be all le ss than O.ClA. The angl e be-
tween the pl a ne of the carboxyl group and tha t of the imide 
group (second plane) was obtained aa 19 . 8°. The amine ni tro-
gen atom i s bent out of this latter plane by an angl e of 
14 . 8°. 
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The c2-o5 bond makes an angle of about 118° with the 
p lane of t he peptide group g iving a cis configuration about 
atom c2 . The C-S-S-0 dihedra l angle is 101°, some 19° high-
er than t he S-S-S-0 angle in diiodo-diethyl-trisulfide as 
reported by Donohue (35 ), but very nea r the value found in 
Sg. The other bond distances and angles in the bridge, as 
listed in Ta bles XI and XII, are not in serious disagree-
ment with the results obta ined for other sulfur containing 
organic crystals. 
The separation produced by the bridge between the two 
diglycine 11 arms 11 of the molecule is about 6.3A. The dis-
t ance between the sulfur atoms and the wa ters of hydr a tion 
is 3.75A., 0.5QA. above the sum of the van der WaalS radii 
of sulfur and oxygen. The S---05 van der Waal~ contact ap-
pears to be the only one which is smaller than usual, the 
reason for this effect having been discussed above. 
The diglycylcystine molecule s themselves are bound to-
gether in all three directions by reasonably strong hydro-
gen bonds. If the molecules are visualized as parallelepi-
peds with two long and one short axis, the ovePall s tructure 
can be thought of as follows: (See Figures VII and VIII.) 
Parallel to the b-e plane are layers of molecules with their 
short axes oriented in the b direction, each molecule relat-
ed to the next in the layer by either the A f ace centering 
or the b repeat. Molecules related by the A centering are 
bound together by hydrogen bonds between the amine group of 
~ne a nd the carboxyl group of the other, while molecules re-
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lated by the b repea t are bound by a weak hydrogen bond be-
tween their respective imide groups. Also b inding e a ch 
l ayer toge ther are ropes of water molecules, parallel to b, 
forming hydrogen bonds to the imide oxygens of the peptide 
molecules. Successive l ayers in the a direction are then 
bound by the Nz-Oz hydrogen bonds shown in Figure VI I. As 
with all the other peptide structures r eported to date, it 
is clear tha t the type of packing here is governed by hydro-
gen bond formation, the molecules forming the maximum number 
possible. 
Related to the study of proteins and polypepties, the 
significance of this work undoubtedly lies in the elucida-
tion of the structural fe atures of the disulfide bridge set 
forth a bove. The non-planarity of the peptide link and the 
possible smaller contribution of the enol form to the struc-
ture of the imide group may also be important in considera-
tions of peptide chain configurations. 
-94-
IV. A STUDY OF THE STRUCTURE OF 
P01Y-(-METHY1-1- G1UTAMATE 
A) Preparation of orient ed fi bers of the poly ........ pepti de 
An a ccount of several previous X-ray invest igat i ons on 
synthetic polypeptides ha s been gi ven in t he introduction. 
The advantage s of studying these substances instead of natur-
al proteins have also been mentioned.One of the most fre-
quently examined peptides ha s been the polymer of the methyl 
ester of r metB:yl I:. glutamic acid commonly called poly-t-
methyl-1-glutamate. The chemical formul a for a single resi-
due of this compound is: 
H 
N --c.../" 
II 
0 
·. 
Oriented fi bers of poly-;r-·rnethyl-1-glutamate give fairly 
s har p X-ray diffraction di ,ag r ams which have been interpreted 
by Bamford, Hanby , and Happey (21) as indicative of the pres-
ence of d..JE chains and by Pauling and Corey (22), who state 
tha t the observed reflections can be described best using an 
GL-helix model. The work to be presented in thi s section was 
begun in an effort a) to obt a in better diffra tion data, b) 
to int erpret this dat a in the light of the var i ous proposed 
models of the polypeptide chain and, having selected the 
model for which best agreement is obtained, c) to derive 
so~ quantitative information concerni ng atomic parameters, 
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side chain configurations, etc. 
Samples of poly-Y-methyl-1-glutamate ~ere prepared by 
heating solutions of the carboanhydride of the amino acid in 
various solvents in the presence of a polymerization initia-
tor. The progr ess of the reactions wa s followed by observ-
ing qualitatively the viscosities of the solutions. Dimethyl 
formamide, dichloracetic a cid and pyridine were found to 
give t he best results as solvents. After allowing the reac-
tions to proceed until what was thought to be an adequate 
chain length had been attained, the solvents were extracted 
as f a r as possible, yiel~ing viscous, jelly-like materials 
containing probably less than 20% solvent. 
These gels were extruded through an ordina ry 2cc. hypo-
dermic syringe into n-propanol or mixtures of n-propanol and 
water. Afte_r soaking in the water-alcohol mixture for about 
an hour the extruded fibers were removed and a ir dried. It 
was found that thoroughly drie~ fibers were fairly tough but 
not too elastic while fibers still slightly wet could be 
stretched much more ea sily. 
The stretching of the fibers, during which most of the 
orientation of the individual peptide chains was doubtlessly 
accomplished, was performed by carefully pulling the fibers 
by hand. Extensions in length of about 500/o were noted. 
After t hi s initi al stretching the fibers proved to be incap-
able of further extension. Heating and subsequent annealing 
of the fibers while under mechanical t ension was also em-
ployed to improve the orient ation, but these procedures were 
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not tried until a fairly good ol fiber had been obta ined. 
The fibers prepared from ori ginal solutions in dichlor~acetic 
acid, dimethyl formamide, and pyridine all showed reasonably 
good extinctions parallel and perpendicula r to the fiber axis. 
when examined under doubly pola rized light. 
As the fibers from this first prepara tion were extreme-
ly fine, bundles of eight or ten of thgrn.all lying with their 
long axes parallel, were made up. This was done in order 
that the X-ray exposure times would not become prohi bitively 
long. An evacua ted camera of three centimeter radius was 
used to record the X-ray diffradion pattern of these fiber 
bundles.. The samples were, of course, sta tionary. The pho-
tographs obtained showed superficial resemblences to the pho-
tographs of well oriented films and fi bers of poly-Y-methyl-
1-glutamate published by Bamford (21) but showed, in addition, 
s pacings which could be a ttributed to the L3 , or extended 
form of the polypeptide chain. In a private communication 
Bamford stated tha t this effect has been co~elated with a 
short average length of the chains, the amount of C3 form 
p resent in the samples decrea sing markedly with increas ing 
cha in length. 
No further experiments wi th t he polypeptide were made 
until about .·t wo months after the prepar a tion of t he first 
f ibers a t which time it was noted that the solution of the 
peptide in dimethyl formamide had begun to fluoresce with a 
bright bluish color. None of the other solutions showed this 
effect. Fibers were extruded from this f luorescent solution, 
-97-
stretched and photographed vulth the techniques and apparatus 
already described. The X-ray di ffraction pattern was clearly 
the same as that reported by Bamford; that is, the fibers 
gave a well-oriented d. diagr am with no observable trace of 
/.3 reflections. It was evident, therefore, that the poly-
merization reaction had continued in this s olution even 
though the bulk of the solvent had been removed some two 
months previously. The fluore~nce was possibly due to some 
complex formed between the polypeptide and dimethyl forma-
mide molecules. As it was observed that the solution, as 
first prepared, fluoresced in the ultra-violet it might be 
theorized that the dimethyl formamide- peptide complex shows 
a fluorescence whose wave- length increases with increasing 
peptide chain length. 
No attempt was made to obtain a molecular weight for 
the polypeptide sample wpich gave the~ fibers, but by anal-
ogy with Bamford's materials one ·may surmise that the average 
chain must have included about 125 amino acid residues. At 
this time fibers were also spun from the s olutions in pyri-
d i ne and dichloracetic acid, but they again gave an X-ray 
pattern containing both rl and ;.3 reflections. It would 
thus seem that the velocity of the polymerization reaction 
is greater in dimethyl formamide than in either of the other 
solvents employed. Periodically, fibers have been spun from 
these other solutions but the characteristic £3 reflections 
are still present . 
It was also observed that, a month after the successful 
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prepar a tion of dl fiber s , fibers extruded from the same di-
methyl formami de solution could no longer be stretched or 
or i ented by any mechani cal means. The fact t ha t, instead of 
being pliable a s before, t hese new fibers were very brittle 
suggested that the polymerization ha d proceeded to such an 
extent tha t the intertwined cha ins in the unoriented fibers 
were t oo long to be easily untangled by mechanical s tretch-
ing . It is therefore apparent tha t t here exists a very dis-
crete r ange of peptide cha in length below wh i ch mecha ni cal 
extension of the fi ber produces some /.3 form along wi th t he 
de s ired ~ form a nd above which the cha ins are t oo snarled 
to permi t orienta t i on. 
The small batch of ~ fibers prepared after a llowi ng 
the pol ymeriza tion to proceed for t wo months wa s now subject-
ed t o further trea t ment i n an effort to i 1npr ove the orienta-
tion of the peptide cha ins. X-ray . photogr aphs q f the fiber 
before and after each trea t me nt showed whether or not the 
desired effect had been obta ined. By f a r t he most success-
ful of t he experiments in this series was tha t i n wh i ch the 
. 
fiber , under mechanical tension, was placed in an oven at 
60-70°0 and, af ter two days at this tempera ture, wa s slowly 
a nnealed by lowering the tempera ture about 5° per day. Pho-
togr aphs of a fiber so heated showed a noti~able shar pening 
of the reflections, pa rticularly in the off-equa tori al spec-
tra . A reproducti on of . the diff r action photogr aph obta ined 
from this fiber us i ng a helium filled cyl indrica l camera of 
ten centimeter r adius appears as a front i s~ace to this 
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thesis. (In this p icture the fiber axis is oriented paral-
lel to the cylindrical camera axis.) 
In the following section, a description of the measure-
ments made on X-ray photogr aphs of these well-oriented poly-
~Hmethyl-1-glutamate f i bers wi ll be presented together with 
a discussion of the i r significance as applied to the pro-
posed peptide cha in models. 
B) A careful measurement of spacing s on X-ray photogr aphs 
of poly-l-methyl-1-glutamate. 
1. Measurements of reflections observed using camera 
of 3 em. r adius. 
Photogr aphs of the annealed polypeptide fiber were taken 
in a 3 em. cylindrical camera with the fi ber axis par allel to 
the cylinder axis and at an arbitrary azimuth. A series of 
photogr aphs from this camera showed that there was little or 
no change in the d'iffraction pattern as this azimuth angle 
was varied, a result to be expected f or uni-directional orien-
tation. 
Another set of photographs wa s t aken with the fiber 
axis perpendicula r to the camera axis and a t several azimuth 
angles . The films clearly indica ted an alteration of the 
pattern of re f l ections with angle. Only one r eflection ap-
peared to be definitely on the equator of thee~ photographs 
a lthough severa l were s o close to tha t line that the fuzzi-
ness and broadening char acteristic of fiber reflections made 
it seem, on cursory examination, a s though they were equator-
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ial spectra too. The solitary observed arc was shown, by 
ca reful measurement with a traveling telescope, to have a 
spacing of 1.472kX. In the introduction it was mentioned 
that the existence of a reflection f rom the basal planes of 
the polypeptide fiber a t a spacing equal to the translation-
al r ise in the fiber direction per amino acid residue was 
one of the facts supporting the helical model for poly-Y-
methyl-1-glutamat.e advanced by Pauling and Corey. This 
helical configuration predicts a rise of about 1.5A. per 
r esidue, in good agreement with the value found here . 
Moreover, since the tA..- helix model for this particular 
polypeptide has eighteen amino acid residues in five turns 
of the helix, one could predict that t he "unit cells" into 
which the fibers packed might possess either 61 or 65 screw 
axes depending on the clockwise or counter-clockwi se sense 
of the helix. To check this possibility, a We i ssenberg pho-
tograph of the fiber was t aken so that the basal planes of 
t he fiber would be in reflecting position. Although the 
spectra on this film were exceedingly weak and diffuse it 
was established that the reflection at 1.47kX was indeed the 
only one from the basal planes. Therefore it could be as-
sumed tha t the "unit cell" of the structure possessed a 
true 61 or s5 screw axis and a pseudo- eighteen fold screw 
axis. I n that case the 1.47kX reflection would be the 
eighteenth order reflection from pl anes per pendicular to the 
fiber axis and would lead to a value of 26.50kX for the re-
peat in the fiber direction. 
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Measurements of all the reflections on the 3 em. pic-
tures were made but with not too great accuracy because of 
their diffuse nature and their relatively small separations 
on the film. While they will not be presented here in any 
detail, the interplanar spacings calculated from these 
measurements were essentia.lly in agreement with those ob-
tained by Bamford, et al., with the possible exception of 
the layer line separations which tended to give smaller val-
ues for the fiber repeat. 
The reflections which Bamford attribnmes to a second 
phase in the ~iber were also noted. Pauling has shown that 
these, as well as all the other spectra g iven by the fiber, 
can be indexed on the basis of a hexagonal cell with 
a 0 : 11.96A., C0 ~ 27.5A. The reflections obtained here 
were also indexed on this basis except that C0 was lowered 
to about 26.5A. It was also found possible to index the pic-
ture completely using Bamford's orthorhombic cell with a 
quintupled £ axis, the lattice translations being a~ 10.35A., 
b: 5.98A., C- 26.5A. It should be noted that 10.35A. is 
equa l to 11.96A. • sin 60° while 5.98A. equals 11.96A.· cos 
60° so that the indexing of the photographs using two alter-
nate unit cells may by no means be accidental but may merely 
reflect the possibility of transforming any hexagonal cell 
into an end-face centered orthorhombic cell by choosing suit-
able axes. Thi s rela tionship between the two cells would re-
quire Bamford's ~and b axes to be doubled. The extinctions 
created by the end face centering , however, together with the 
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special ratio of ~ and b would make possible the indexing of 
the diagram using Bamford's halved axes. 
The fact that Weissenberg photographs show some sort of 
six-fold ~mmetry suggests that Pauling and Corey's hexagonal 
cell is to be preferred. Therefore throughout the rest of 
this thesis the discussion will be restricted to this cell. 
2. Measurements on photographs t aken in a camera of 
10 em. radius. 
Being unable to obtai n sufficiently accurate spacing 
measurements from the photographs discussed above, pictures 
t aken in an helium-fi lled cylindrical camera with a radius 
of 10 em. were examined. These photographs, while revealing 
no new reflections, did g ive a better resolution of the spec-
tra a nd permitted their posi t ions on the film to be measured 
with a f a ir preci sion. 
Actual distance s on t he photogr aphs were obta ined using 
a traveling telescope capable of g iving readings to a thou-
sandth of a millimeter. The broadness of the arcs and es-
pecia lly their extension i n the direction par allel to the fi-
ber a xi s made the a ttainment of such a ccuracy i mposs i ble, how~ 
ever. A conservative estimate of t he pr obable error s in t he se 
r eadings would be about ~ 0 .03 mm. in directions pe r pendicu-
l a r to the fiber axis and ~ 0 . 07 mm . in directions par allel 
to it . Film shrinkage was a lso t aken into a ccount, t he re ga-
t i ves being scored with a sta ndar d five c entimet e r fiducial 
marker before and afte r development. The interpl anar spacings 
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were derived from the film coordinates of the reflections by 
the usual equations. From the probable errors in the posi-
tiona of the reflections it was calculated that the probable 
errors in the spacings were of the order of ± 0.02A. Table 
XIV gives a. list of these spacings, their respective intensi-
ties on a qualitative scale and the values of d observed by 
Bamford for the same reflections. 
Note that in every case the spacings observed here are 
smaller than those found by Bamford, indicating that the in-
terplanar distances are critically dependent on the orienting 
treatment given the fiber. It could be that the spacings 
shown by the fibers studied here, being smaller, correspond 
to a greater degree of orientation than obtained by Bamford. 
A calculation was now made to determine whether or not 
all the observed spacings could be accounted for by the aex-
a gonal cell proposed by Pauling and Corey. It was found that 
., 
all the reflections might: ... be produced by this cell but with 
slightly revised lattice translations. Assuming Paulin~~Co~~ 
indexing of the hkO reflections to be correct it was possible 
to calculate values of a for each such spectrum. A weighted 
average of these values gave a-=. 11.58A. while the accurate 
measureme nt of layer line spacings on these 10 em. photo-
graphs gave a v~ue of 26.38A. for the C axis. These lengths 
are significantly lower than the values given by Bamford and 
Pauling and might be attributed to better orientation as 
stated above. 
From the corrected hexagonal cell dimensions and the in-
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dices g iven by Pauling calculated interpl anar spacings could 
be deduced. These are g iven in Table XIV. The agreement be-
tween ca lculated and observed da ta is seen to be exceptionally 
good. 
TABLE XIV. 
SPACINGS FO.R POLY-t-METHYL-1-GLUTAMATE 
HK•L dobs(A.) debs (A.) deale (A.) Intensity 
10·0 10.03 10.35 10 .03 v.v.v.s. 
11·0 5.78 5.98 5.78 v. s. 
20·0 5.05 5.22 5.03 w. 
21"0 3.78 3.89 3.79 s. 
30·0 3.34 3.45 3.34 M. 
22•0 2.90 3.00 2.90 w. 
31•0 2.78 2.87 2 .78 w. 
20•2 5.30 5.51 5.30 VI. 
10"3 6.63 6.61 w. 
10"5 4.64 4.82 4.66 v.v.s. 
11•5 3.92 4.05 3.90 v. s. 
20·5 3.62 3.75 3.63 w. 
11•6 3.47 3.49 v. w. 
10•8 3.14 3.13 w. 
11•8 2.86 2.86 < M. 
20·8 2.75 2.75 <M. 
21•8 2.49 2.49 w. 
00.18 1.47 1.47 M. 
hexagonal cell: a-=- 11. 58A. , .£-:: 26.38A. 
-
dobs spacings observed in this investigation. 
d6bs spacing s observed by Bamford. 
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The indices assigned to the r eflections show no systema~ 
ic absences except in the OO·L zone for which no order below 
00 ·18 is observed. This simple extinction is consi s t ant only 
with either a C65 or C61 space group wi th one molecule per 
cell. It may be somewhat f acetious to speak about a 11 space 
group" for a semi-crystalline substance but, as will be ap-
parent in the next section, the structure f actor equations 
for these space groups give ca lculated intensities in reason-
ably good agreement with the observed, so that the a ssignment 
is perhaps significant. 
It is also interesting that the 00•6 and 00·12 reflec-
tions, per mitted by either of the space groups mentioned, are 
not present. This suggests that the symmetry element in this 
structure is a spec ial kind of six-fold screw axis, having 
eighteen-fold symmetry. The importance of this observation 
as related to the proposed models of the polypeptide chain 
will be discussed l ater. 
C) Calculations of X-ray diffraction intensities for the 
~-helix model of poly-Y-methyl-1-glutamate. 
As in any structure determination from X-ray data, the 
designat ion of lattice parameters for fibrous poly-1-met hyl-
L-glutamate did not finally settle t he structure of the mole-
cule. Some indirect evidence in f avor of a hel ical model 
could be obtained from these distances, but it remained neces-
sary to compute the intensities of the scattered X-ray beam 
Trom a fiber composed of molecules having thi s configuration 
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and to compare the calcula ted values with the observed inten-
sities before any definite decision could be made. 
To be complete, any such calculation of intensities 
would have to be made for each of the models proposed for 
poly-(-methyl-1-glutamate molecules. At the date of this 
writing , this would entai l calcula tions for Bamford's ~lr· 
cha in and Pauling and Corey's 3.6 residue ~-helix. However, 
as Bamford in his report of the ~· model does not even indi-
rectly suggest how this molecule is to be oriented in the unit 
cell nor what kind of packing is t o be expected, intensity 
calculations for this structure would be a rather prolonged 
task. Moreover, as has been shown in the previous pages , the 
unit cell in which Bamford proposed to place the ~~ chains 
has been radically var ied in one direction. It is not impos-
sible that the J~ model could be altered in such a way as to 
require a repea t in the chain direction fi ve times a s long as 
that originally proposed, but as such a change has not been 
suggested it seems pointless to carry out intensity calcula-
tions with the ~K· model a s i t stands. Therefore it was de-
termined to make the calcula tions for the 3.6 residue ~-helix 
alone and from the agreement, or l ack of agreement, with ob-
served intensities to decide on its possible validity. 
The major features of the 3.6 residue helix have been 
outlined in the introduction. It should be noted that, of the 
ten a toms constituting a methyl glutamate residue, excluding 
hydrogen, only four lie on the helix itself, the other six 
constituting a side chain . In presenting this model, Pauling 
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and Corey discussed in deta il the configuration of the atoms 
forming the helix but did not propose a model for the side 
chain groups. The fol lowing table gives the parameters of 
the former a toms, together with t wo sets of possible para-
meters for the d carbon atoms (the side chain atom bonded to 
the helix), in cylindrical c oordinates. The spir al nature 
of the model enables one to obtain the coordinates of the a- -
toms in any other residue in the molecule by applying succes-
sive rota tions of 360°/3.6 or lQQOLn f and translations of 
1.47A. in z to the pa rameters given for the first residue. 
TABLE XY. 
ATOJHC COORDINATES FOR THE 18-RESIDUE 5 TURN 
HELIX f , z in A. 
Atom 
--f-- _j_ __£__ 
c 2 . 29 0.0° o.oo I 
N 1.59 27 ~ 8° 0.88 
C' 1.61 73.8° 0.43 
0 1.74 82.0° -0.76 
(set 1) BC 3.34 -17. s0 0.76 
(set 2) BC 3.34 17.6° -0.76 
The bond distances, angles, and hydrogen bond distances 
to which these par ameters correspond have been discussed by 
Pauling and Corey (22) in their original publica tion. In 
passing , it might be stated tha tall these va lues conform with 
the usua l results of structura l determinations on simple 
a~ino acids and pept ide s . 
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From these coordina tes two possible methods of struc-
ture factor calculation are available. The first of these 
involves the direct use of the structure factor formulas 
perinent to the space group of the polypeptide. Assuming a 
counten-clockwise spiral, that is one in which successive 
residues 100° apart in , have increasing z par ameters, the 
space group C65 must be as~signed. The structure f actor e-
quations for this space group are: 
A1 : 2fi [cos 21T(hXi + k!fi + L/4)cos 21T(Lz1 - L/4) 
cos 2rt(kx1 + iyi - L/4) cos 2Jr(Lzi - L/12) 
cos 2Jr(ixi +. hyi + L/4)cos 21T(Lzi + L/12) f 
21. 
L/4) 
cos 2(f(kx1 +- iy1 - L/4)sin 217\Lzi- L/12) 
cos 21T'(ixi + hyi + L/4)sin 2ff(LZi + L/12)J 
Parameters of all the atoms in a single repeat distance 
would have to be used in such a calculation if accurate re-
sults were to be obtained. However, these were not avail-
able for five side chain atoms per residue or 72 atoms per 
repeat so that any calculation could only employ parameters 
£or 50% of the heavy atoms. It has been suggested by Pauling 
that the omission of these latter atoms may not affect the 
results too seriously since their contribution to the seat-
tared intensity would be exp ected to be le s s becaus e of great-
er mutual interference. It may even be true that the posi-
tions of the side cha i ns are not fixed by the "cryst al symme-
~ try" but a re random. This could be the ca se if the side 
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chain g+oups were but little affected by the orienting pro-
cedures applied to the fibers. The fact that the atoms of 
these groups could not be bound in any way by hydrogen bonds 
but are presumably restricted only by van der Waal 1 s forces 
tends to g ive support to this possibility. The net result 
of such disorienta tion in the side cha.ins would be, of course, 
that they would contri bute little or nothing to the over-all 
scatt ering, the helix atoms and the d carbon atoms accounting 
for the entire effect. These considerations therefore en-
courag ed calculations ·WLth the five atoms whose parameters 
could be fixed. 
The second method of structure f a ctor calculation makes 
use of the cylindrical nature of the helical model and in-
valves the expansion of the ri gorous structure f actor equa-
tion in terms of Bessel functions of integr al order. PaUling 
and Corey (22) state that for the equatorial, or HK·O spac-
ing·s the structure facto r is given approximat ely by: 
22. 
where ~. is the Bessel function of zero order, pi i s r adi-
us of the ith atom from the center of the helix , and fi ~t~ 
atomic scattering factor for the ith atom at the particular 
va l ue of si nQ/~. The advantage of this formulation of the 
structure f actor over tha t of equation 21 lies i n the fact 
tha t only the atoms of one residue need be considered thus 
shortening the computation t i me grea tly. 
Since the appearance of Pauling and Corey' s paper, Vand 
(37 a nd Cochran (38) have developed equa t i ons giving the 
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scattered intensity as a function of sin~/~ for other layer 
lines of a fiber pattern from a helical model. Their actual 
derivations have yet to appear, but should proceed somewhat 
along the following lines: 
Let the f i rEt atom of the spiral under consideration 
lie at r, o, o in cylindrical coordinates. With cylindrical 
coordinates J.., } , and ~ in reo iprocal space and np, r and B~tt 
in real space, the scattered amplitude is g iven by: 
~ 17TL ( tnf·$, + ~"' • {J 
Fi = f 1 ~ e 23. 1\•1 
In this equation p is the rise in the fi ber direction 
per residue, N is the total number of atoms of kind i per re-
peat distance, and .8"' equals np/ P cycles where P is the 
p itch of the helix or the rise per turn in the fiber direc-
tion. 
24. 
~equals L/c in reciprocal space because of the£ re-
peat. Therefore: 
-c:::: 21Ti [mp Vc. +- JZ.; c.o.s :~.i7 (.c.-e.,.)] 
Fi :. fi ~ C 25. 
21Ti [Jt' GoS :Zlt (ol. -~..,)) 
If the factor e. is now expanded 
in a series of Bessel functions one obta ins: 
where k is an integer. This can be written as 
27. 
-111-:-
where: ~ ;z. rr i. [ lh p L./c - R .,. I'/ P J 2. 7T ; /e ( .L t -t) 
Ak = f i £...._ e_ . e. ~ 7. 
"" 
since B~ ~ np/f . Ak can be large only when the frequency of 
the exponential is an integer since we vary n and if pL/c-
kp/P is not an integer all va lues +and - will occur and 
add to zero. Therefore only Bessel functions of order k such 
that 
.· pL/ c - kp/f -::. m (an integer) 28. 
are considered; with this restriction 
29. 
Because of the nature of the Bessel function Cochran 
(J8) sta tes that the summation of equation 27 need not be ex-
tended over all values of k, but tha t only terms with k~ 4 
should give significant contributions to the scattered wave. 
He also proceeds to derive from equation 28 the lowest values 
of k for L ranging from 0 to 28 and finds that the layer lines 
shown by oriented poly-~-methyl-L-glutamate are just those 
for which values of k ~ 4 can be deduced. 
Some features of the above derivation should be noted. 
Firstly, the result obtained in equation 27 applies to only 
one set of atoms, say the ol carbon atoms of the helix, and 
tha t set is also unique in that its first member has the co-
ordinates r, o, o. To obtain the scattered amplitude f.or the 
entire ,(-helix one must add terms like 27 for each set of 
atoms in the molecule and the terms must be multiplied by a 
-urc.lt ( ~.J - l.l!L . 2.;At) phase factor e k to account for the fact that 
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the ith set of atoms does not have its first member at a 
point ri, o, o but at a point rj, ¢j, Zj· In this~ factor 
1.; is defined as: 
Equipped with equations 21 and a form of 27, calcula-
t i ons of the intensities as a. function of sin 'fJ./A for L -s 0 
and 5 were made. Only five atoms were included these being 
the helical chain atoms and the 8 carbon atoms although two 
unsuccessful trial models of the side chain group were 
brought into the zero layer calculation. Table XV lists two 
possible sets of 8 carbon positions and each of these was i~ 
eluded in a separate structure factor computation. 
Before presenting the results of these calcula tions it 
would be well to discuss another fe a ture of the helical model 
of Pauling and Corey, namely the unknown rotational parameter 
of the helix about its own axis.~~riting down the parameters 
of all eighteen of a given class of atoms in the molecule1 in 
cylindrical coordinates, it can be seen that if the entire 
helix is rotated by twenty degrees about its unique axis the 
resultant parameters will be such that 'an atom somewhere in 
the spiral will be brought to the same value of cj which the 
first atom of the spiral had before the rotation process. 
Since the peptide chain is for all practical purposes contin-
uous and since the structure obviously has no centers of sym-
metry, this means that the spiral obtained by a twenty degree 
rotation is identical with the original spiral. For rota-
tiona of between zero and twenty degrees, howe¥er, the config-
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urations are not t he same and w·ould be expected to lead to 
slightly different values of ca lculated intensities. In an 
e ffort to determine this rotational parameter, intensities 
for the fifth layer l ine and for a few equatorial reflections 
were ca lculated for t hree separ a te angles of rot ation of the 
helix, one with the angles ¢ given in Table XV correspond-
ing to a zero rotation, the second with angles of ¢+ 5° and 
the third with angles of p + 10°. 
As Pauling a nd Corey have already presented the zero, or-
der Bessel function curve which approximates the sca ttering 
on the zero layer line it was not necessary to repeat this 
calculation. Instead equations 21 were employed to calculate 
A (B = 0) for the HK·O reflections with sin~ ~ 0.5. There-
sults of this calculation for the unrotated helix are given 
in Table XVI . along with the values of A for a few reflec-
tions using a helix rotated by 10°. Comparison of the crucu-
lated structure f actors for both models shows so little dif-
fer ence between the two that no determination of the rota-
tional parameter would be pos s ible even if good single crys-
t a l intensity data were ava ilable. 
The values of A for the unrotated helix were subjected 
to a little f urther r efinement in order t o make comparism 
with observed intensities easier. First the atomic form f a c-
tors used in the computation cont a ined no temper ature factor 
and, as the photogr aphs showed what see~ed t o be a r ather 
sizable decrea se in intensity with i ncreasing sin~, the ap-
plica tion of a relatively l a r ge tempe r a ture factor to t he 
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TABLE XV I. 
CALCULATED INTENSITIES FOR POLY-r-METHYL-L-GLUT~.~TE 
HK · L 
10 · 0 
11•0 
20•0 
12 · 0 
30·0 
23 • 0 
14•0 
50•0 
33·0 
24·0 
15 • 0 
60 · 0 
.34 •0 
25 • 0 
A 
1917 
652 
242 
-444 
-615 
-643 
-619 
-488 
- 3.30 
-229 
-49 
21 
50 
1 25 
196 
20 2 
209 
A' 
169.3 
44 9 
147 
-186 
-202 
-145 
-12.3 
-67 
-31 
-17 
-2 
1 
2 
3 
2 
2 
2 
A* 
6090 
1217 
368 
-400 
-413 
-267 
-221 
-113 
-49 
- 28 
-3 
1 
3 
4 
3 
3 
2 
A' ~ A • e-50 s in2Gj~ 
A*·m F~bs 
6090 v.v.v.s. 
1217 v. s . 
368 w. 
- 800 s. 
-413 M. 
-267 
-442 
- 113 
- 98 
-56 
-3 
1 
6 
8 
.3 
6 
4 
w. 
w. 
A ( 10°rota tion) 
1918 
661 
231 
-446 
-616 
-489 
225 
A*~ A' (Lorentz ~ p olariza tion f a ctor)-t 
v a lues of A w~s made ne cessary . The v a lue of B in the expo-
n e nti a l e-B sin2G/~~ was chose n as 50 since this f a ctor brought 
a ny calcula t e d intens ity a t sinG~ 0 . 5 to zero, a cond itiDn 
wa rra nted by the cha r a cte r of t he p hotog r aphs. Se condly, be-
c a u s e of the impossibility of obta ining observe d intensities 
-115-
of other than qualitative accuracy an inverse Lorentz and 
polari zation factor was applied to the calculated structure 
factors. Lastly, multiplicity factors caused by the super-
position of intensities from severa l planes in the fiber on 
the photographs were multiplied into the corrected values of 
A. The final structure factors are g iven in the fifth column 
of Table XVI. Comparison with observed intensities shows 
good over-all agreement except f or the 30•0 reflection which 
seems to calcul ate low. 
Desp ite t he existence of t wo sets of 6 car bon a toms 
only one va l ue of A appear s in Table XVI. This is due to 
t he f act t hat for the HK·O reflections it was foun d tha t 
both pos sibilities lead to very nearly t he same ca lculated 
structure factors. This i s undoubt edl y c aused by the over-
lappi ng , or nea r overlapp i ng , of a t omic coordinates which as 
f a r as t he HK ·O r efl ec tions a re concerned, lie on circles at 
z ~ o. 
Figure IX shows a plot of the result s of this calcu-
l a tion on the s ame s ca l e as t he Bessel function curve for e-
quatoria l s ca ttering derived by Pauling and Corey (22 ). It 
is interesting to note the good agreement between the t wo 
calculations, indica t ing t hat t he Bessel function approxima-
ti on is i ndeed adequate for the repres entation of t he equator-
ial intensities. 
The ca lcul ation of intensity vs . sinG for the fifth 
l aye r line of t he diffraction pattern from poly- r-me thyl-L-
giutamate involves t he use of f irs t or der Besse l functions 
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in e quation 27 . Such a comput ation wa s mude and the r esult s 
a r e pl otted i n Figure X fo r t he model conta ining 1(3 ca r b,on 
set 1 and for t hat using se t 2. (Again a ca l culation for 
model s rotat ed by 5 and 10° showed little or no differences 
from t he val ues obt a ined for t he unrota t ed mole cule.) On 
t he basis of these curve s it was possible t o decide whi ch 
6 carbon posi ti on was correct, t he predicted values of in-
tensities at sin Qj~ val ues cor responding to pl anes HK•5 
being suffici ently different to pe r mit a clear di stinction 
on t he b ..... sis of the quali t c:.t i ve intensities ava ilable . 
Table XVII g i ves the ordinates from the two curves f or sev-
eral reflecti on pl anes and t he observed intensity. It 
would seem that, considering Lorentz and pol a r ization and 
tempera t ure f actors, 6carbon set 2 is much to be preferred 
ove r s et 1. 
TABLE XVII. 
I NTENSITIES CALCULATED FROM 1st ORDER BESSEL 
FUNCTIONS FOR SEVERAL FIFTH L.AYER LINE REFLECTIONS 
HK • L F~alc ( 1.3 carbon set" 1) F~al c ( B car bon se t 2 ) F~bs 
10 · 5 21.0 41. 8 v.v.s. 
11· 5 
20·5 
21•5 
22 "5 
30 •5 
31· 5 
32 •5 
40 · 5 
~1· 5 
20 . 0 
17. 6 
8 . 5 
0 .1 
2 . 2 
0 .3 
2 . 5 
2 .1 
2.0 
21. 9 
11. 9 
1.4 
o.o 
0 .1 
o.o 
0 .1 
0 .1 
0 . 9 
v.s. 
w. 
4
8
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-
-
-
-
-
-
-
-
-
-
-
-
-
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As a check on this calculation , and in order to de-
termine the correctness of the Bessel function expansion for 
upper layer lines, a structure f actor calculation for fifth 
layer line pl anes with sin Qj)' 0 . 25 was rnade using e~uation 
21 . The values of A and B obt a ined are listed in Table XVIII 
while A2 1- B2, on an altered scale is plotted on the Bessel 
function curve in Figure x. The agreement is seen to be ex-
cellent and completely confirms t he validity of the Bessel 
function formulae. 
TABLE XVIII. 
ST RUCTURE FACTORS CALCULATED FROM EQ.UATION 21 FOR 
SEVERAL FIFTH LAYER LINE REFLECTI ONS 
HK •L A B 
10·5 200 688 
11 •5 
-183 491 
20"5 38 38.3 
21 • 5 
- 55 109 
22•5 11 15 
30 ·5 
-3 48 
.31·5 19 5 
.32 • 5 
-5 -58 
40 •5 7 -2.3 
41·5 - .38 -78 
I n connection with the structure factor calculations 
employing equation 21 it should be noted t hat the values fa 
only a f~w planes in each zone a re given. For example, in 
the HK·5 zone the lO·S r eflection is not listed even though) 
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according to equations 21, it may have an ent i re l y dlifer ent 
structure f actor than the 10• 5 reflection and even though 
one would expect to f i nd t he two superimposed on a fib er di f -
f r action diagr am. However. the unusual 18-fold symmetry of 
the peptide cha i ns and their helical nat ur e in Paul ing and 
Corey ' s model cause s such pl anes to give the same calcul ated 
structure f actors. Theref ore only one of them is listed in 
the t able . The same a r gument holds a l s o for t he 12 . 0 and 
21• 0 for example wh ich are not cryst allogr aphically equiva-
l ent but which do g ive the same ca lcul ated int ensi ti es . 
Further calculations for other l ayer lines of the poly-
(-me thyl-1-glutarnat e diagr am are a l so being prepared, but as 
ye t no results a r e ava ilable. Owing to the success of the 
Bessel f unction expansions in describing the sca ttering from 
the helices and to the shorter times required for their cal-
culat ion the r ather tedius computations for equation 21 are 
being abandoned in this l atest work. 
D) A crit i cal evaluat ion of the results 
The purpose of thi s final section is to examine the re-
sults reported i n the previous pages in terms of t he Gt]f and 
l-helix models of the polypeptide cha in. The main compari-
sons will be made for the o(_-helix configur a tion since the 
structure f actor ca lculat ions were made for t hat model alone, 
but some deductions about the possible correctness of the iJL. 
chain from simple spacing da ta can be g iven. 
First from the nature of t he diffraction pattern from 
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highly oriented fibers of poly-r-methyl-1-glutamate, it is 
possible to state positively that the repeat in the fiber di-
rection cannot be a s short a s supposed by Ba~ford. If the 
reflections which are here reported as second, third and 
eighth l ayer line spectra were really produced by a seconda ry 
phase, one would expect them to vary in shape and intensity 
from fiber to fiber depending on the orienting treatment and 
on the manner in which the fibers were prepared. That this 
is not so is shown by the fact t hat photographs from a num-
ber of poly-(-methyl-L-glutamate fibers showed no such varia-
tion. Therefore it must be assumed tha t these reflections 
are truly a part of the polypeptide pattern, and thus require 
the quintupled£ axis repeat. 
The elongated£ axis is, of course, more easily ex-
plained by the helical model than by the flat cha in of the ci..Jf 
model which, as originally described, repeats every 5.4A. in 
the cha in direction. 
Further evidence in support of the ~-helix is obtained 
in the Weissenberg photographs of the fibers wh ich show as 
the only order of OO •L present ~the 00·18. This is extreme-
ly significant in that it not only shows tha t a six-fold screw 
axis is present in the cell and)since there is but one mole-
cule per cellJtha t the molecule must possess a six-fold 3%ew 
axis, but also indicates that the screw axis is actually 
eighteen-fold, a symmetry impossible for the unit cell but 
certa inly possible f or the polypeptide molecule. The ~1[ 
chain by no stretch of the imagination could be expected to 
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have such a symmetry element. The 3. 6 residue ol -helix, how-
ever, has exactly the configuration which would produce such 
an effect . The eighteen Y-methyl-hglutamate residues per 
repe a t of this helix are so arranged that the fir st observable 
order in the 00.1 zone would be the 00·18. Another interest-
ing calculation tending to confirm Pauling and Corey ' s model 
I 
can be made from the interpl anar spacing of the 00•18 planes 
A. 
and the fifth layer line spacing. If the former quantity is 
identified with the translational rise in the fiber directicn 
per residue , and the latter with the rise per turn of the 
helix in the same direction, the r atio should give the num-
ber of residue s per turn. The ratio of the two observed 
distances is very nearly 1:3 . 6 in excellent agreement with 
the value predicted from the Gl-helix. 
From his derivation of the Bessel function representa-
tion of the scattering from a periodic fiber, Cochran has al-
so obtained powerful evidence in support of the 3 . 6 residue 
helix model for poly-1-methyl-L-glut amate. The fact that 
those layer lines given by the oriented fibers are the only 
ones for which Bessel functions of order lower than four can 
be derived from a spiral model se ems hardly apt to be mere 
accident. 
In discussing the results of the actual calcula tion of 
structure f actors for various poly- r.:methyl-1-glutamate re-
flections one is tempted to see only the g ood agreement with 
observed data and t o overlook the r ather serious approxima-
tions involved. The most glaring of these is, naturally, the 
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omission of half the atoms in the structure from the calcula-
tions . The question to be answered here is whether or not 
the agreement would be as good if the side chtain atoms were 
included in some arbitrary allowed configuration. Pauling 
a nd Corey have decided, from the cha r acteristics of t he Bes-
sel functions, tha t there should be little change in the 
calcul ated intensities if t he side chain atoms are included. 
An attempt to find out exactly how much these quantities 
might change was made in this investigat ion. Two of the many 
possible side chain configurations were proposed and their 
parameter s included in a calculation of the equatorial or 
zero l ayer line intensi t ies using equations 21 . It was ob-
served that the resultant structur e factors differed by as 
much as 20-30% from t hose calcula ted without the side chain 
atoms . For one of t he models the agreement wi th observed in-
. 
tensities was made poorer while for the ot her t he over-all 
agreement was essenti ally unchanged. With good singl e crys-
tal intensity data it would be a fairly easy t ask to find 
tha t side chain configuration for which the agreement was 
be st, but with the pr esent data it would seem to be a hope~ 
le ss undertak ing . In fact, as has been stated in the previ-
ous section, one cannot even be sure tha t t he fibers under 
investigation are sufficiently orient ed so that the side 
chains as well as t he helices occupy unique positions in the 
unit cells . 
Another difficulty partly caused by t he l a ck of good in-
tensity data is the inability to fix t he rotational parameter 
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of the helix ~bout its axis. Very small differences do ex-
ist between structure factors calculated for two helix orien-
tations but the qualitative intensitie s from the fiber dia-
grams could never distinguish between them. The l a r g e temp-
erature factors needed to expl a in the r apid f alling off of 
i nte nsities on the fiber photogr aphs makes t he problem still 
more difficult. In this connection, one could hope that 
part of this appa rent temperature effect is due to disorien-
tation and t hat more nearly cryst alline fi bers woul d show 
l a r ger intensity di f fer ences. 
However, the above critici sms do not detract from the 
general evidence which the structure factor calculat i ons 
g ive in favor of t he helical model. It se ems i mprobable 
that if the proposed structure were incorrect the ca lculated 
intens i ti es would show such good agreement wi th the observed, 
even allowing for difference s caused by omission of the side 
chain atoms. No simila r cal culations for any of t he other 
polypeptide chai n models has been made as yet but it does 
not seem that any of them would give as g-ood agreement as 
tho s e for the 3.6 residue helix. The results of t hi s inves-
tiga tion, t herefore, strongly support the helical model of 
Pauling and Corey for the 11 backbone 11 structure of po ly.,Y-
methyl-1-glut amate. 
The significance of this model in the fie l d of protein 
struct ure has been stated many t imes and by many aut hors . 
The general notion of a spi r a l configuration of the polypep-
~ ide chain is a very satisfactory one for the structur al 
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chemist since it alone of all the models proposed for this 
chain permits strong hydrogen bonds between strictly planar 
omide groups to be formed. Moreover the packing of helical 
molecules is likely to lead to the high degree of symmetry 
shown by many crystalline polypeptides, natural and synthe-
tic. 
Several attempts to explain the structures of other 
polypeptides in terms of GL-helices have also been made, as 
noted in the introduction. Of these substances only colla-
gen and keratin have been subjected to further research in 
effort to prove or disprove the helical model. So far the 
investigations have tended to show that the proposed models 
for these compounds need some revision before they will give 
satisfactory agreement with observed data. It seems likely, 
however, that the models eventually evolved for these and 
other substances will retain many features of the original 
helical configurations. 
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APPENDIX I. 
THE ATTEMPTED APPLICATION OF BANERJEE'S EQUATION 
TO THE SOLUTION OF THE~-TRIGLYCINE STRUCTURE 
The problem of the determination of the phases of X-ray 
reflections from crystalline solids using only observed data 
wa s fir st investigated by Banerjee (39) who derived s ome 
simple relations between the structure f a ctors in a given 
zone of reflections from a centrosymmetric crystal. Since 
tha t time several refinements of the original methods devel-
oped by Banerjee have been made (40), and a few applications 
to actual structure problems have been attempted. The struc-
tur e of ~-triglycine seemed to offer a good opportunity to 
apply the orig inal Banerjee equations since the long c axis 
produces many orders of L on Weissenberg photogr aphs a nd 
since the crystal is centrosymmetric. 
To derive the Banerjee equa tions for the special case 
of the hoo reflections, one may beg in with the structure f ac-
tor relation: 
"' 
F(hoo) ' =_ ·?- fr e27rixr• h/a 
If the cry st al conta ins a toms of only one kind, 
~ 0 It 
F(hoo)/fr:. Sh-::. Li- A....Jn. 
where: 
If the n values of {3A a re the root s of the equa tion 
rr { /Jt 171-1 • A X - 6.1\.) = X + A, X +- -- ·- -H\/)'1 = o 
J\. 
then, by Newton's rela tion: 
(1) 
(2) 
(3) 
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8100 +Al : 0 
Szoo + Al sloo +- 2Az = o 
8300+ Al8200 + AzS300 + 3A3 ~ 0 (4) 
Bnoo + Al 8 (n-l)OO + ----- +-nAn = 0 
Now since the crystal is centrosymmetric, 
An = 1 
Al-= An-1 (5) 
Az : An-2 
etc. 
By using equations (5) and eliminating the constants A1, etc., 
in equations (4) Banerjee obta ins a relationship among the 
values of Sh which must be s atisfied by the observed values 
of the structure factor with the appropriate signs. Trial 
and error methods must then be used to determine these un-
known signs. One must have more observed orders of hoo than 
parameters Xr in order to obt a in a solution. 
In order to apply this method to ~-triglycine, the 001 
zone reflections were employed. Allowing for the P21/a space 
g roup extinctions, fourteen orders of 001 were observed on a 
well exposed Weissenberg film. Since there are 26 heavy a-
toms per cell with different x parameters there would be thir-
teen coefficients Am to be eliminated in equation (4). There-
fore in this ca se there were just enough equations to permit 
elimination of coefficients. 
The problem was rendered more complicated by the fact 
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tha t only one of the fourteen 001 spectra was observed with 
zero intensity. Therefore the elimina tion of the An coeffi-
cients wa s made very tedious. Fortunately a method of writ-
ing down An as a function of the s1 values was found so that 
the calculations were a ccelera ted somewhat. 
A final e qua tion relating the thirteen non-zero s1 
quantitie s was finally derived. It conta ined ninety terms 
con s isting of various cross-products of s1 and a constant 
term. Using the observed IFooLf on an absolute scale, 
va rious substitutions into this equation have been tried. 
Only one sign combination ha s been discovered so f ar which 
g ive s a residua l within 5% of the constant term, but undoubt-
edly more exist. 
It seems likely tha t similar equations for the 101, 201, 
301, etc. reflections will have to be derived before any real 
progress on this problem is achieved. Fourier line projec-
tiona obta ined from the 001 reflections with appropria te signs 
p robably would not be well enough resolved to per mit the ac-
cura te estimation of a tomic par ameters. 
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APPENDIX II. 
PUNCHED CARD TECHNIQUES USED IN THIS INVESTIGATION 
With the development of modern high-speed computing de-
vices the entire field of multi-par ameter organic crystal 
structure s wa s made much more vulnerable to attack by ordi-
na ry X-ray methods. In particular, the use of punched card 
systems ha s made many of the computations involved in these 
complex structure deter mina tions less cumbersome. Some of 
the applications of Hollerith :Or International Business 
Machine Corpora tion machines to vari ous investigations have 
a lready been reported (41,42 ,43 ). Article s des cribing the 
summation of three di mensiona l Fourier series and least 
s quar es coefficients (44) and the calcula tion of structure 
f actors (45) have also appeared. It is the purpos e of this 
appendix to set forth some of the technique s utilized in the 
c alcula tions for NN1-diglycyl-L-cystine which have not been 
previously published. 
The computa tion of s tructure f actor s was performed using 
t he International Business Machine's 604 electronic computing 
punch in conjunction with a 402 t abulator , a 513 r epr oducing 
punch, a sorting machine and a key punch. The methods em-
ployed were essentially the s ame as those outlined by Donohue 
a nd Schomaker for L-threonine (5). A and B for a general hkl 
reflection were computed from formulas 7b and 7c, the cosine 
a nd sine functions being obta ined from series expansions of 
the ar guments. 
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Usually a structure f actor calculation for this com-
pound was immedia tely followed by a least squares refinement 
of parameters. The necessary preliminary steps for this lat-
ter calculation, for example the obta ining of derivatives 
with respect to the coordinates and weighting factors, were 
made during the calaulation of the structure factors them-
selves. The values of A and B for each reflection were sum-
ma ry punched to a set of detail car ds , squared, added, and 
the r esultant F~alc subtracted from the va lue of F~bs to 
g ive dF2. It might be mentioned tha t the simultaneous cal-
culation of structure factors and observa tional equa tion co-
efficients wa s materially aided by the wiring of a 604 plug 
board which could calcula te the cosines and sines of t wo ar-
gument s in a single trip through the machine. From the na-
ture of the equa tions ?b, ?c, and 1? it can be seen that 
such an arrangement would, in giving the cosine and sine of 
both 2~(hxi ~ Lzi) and 2ffkyi yields all the trigonometric 
functions needed for the two calculations. 
The derivatives of all ~welve atoms in the asymmetric 
unit for each observed non-zero reflection, together wi th 
t he ~F2 term for that r eflection, were multiplied by the ap-
propria te weighting factor and transferred to a set of cards 
called observational equa tion car ds . For the t wo and one di-
mensional least squar es it was possible , allowing three dig-
its for each coefficient, to put all the observational equa-
tion coefficients, the dF2 term and an hkl i dentification 
into a s ingl e card. This was not possibl e for the thirty 
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seven terms in a typical three dimensional least squares ob-
servational equa tion, so three separ ate decks of cards rep-
re senting the equa tions were prepared, one conta ining the de-
rivatives with respect to x and z, another the derivatives 
with respect to y a nd x, and the l ast conta ining deriva tives 
with respect to z and y. 
Jnstead of employing the t abulational method described 
by S~haffer, Schomaker and Pauling (4), the 604 computing 
punch was used to obtain the norma l equation coeff icients. 
Three products QiQk, QiQ1 , and QiQ.m were computed from every 
ca rd and added to the same products from other cards in suit-
able storage positions. Finally the ~ Qi~ sums were 
punched on blank tra iler cards conta ining a charact eristic x 
punch. 
The actual machine time consumed in evaluating the coef-
ficients of thirty six normal equations from about seven hun-
dred observat i onal equations was of the order of fifteen 
hours. This compar es favorably with the three hours needed 
to ot tain twelve normal equations from eighty observational 
e quat ions using the tabulator as reported by Schaffer, Scho-
maker and Pauling (4). The time required to perform a calcu-
l a tion of structure factors for eight hundred hkl reflections 
from this structure was about nine hours, while the deriva-
tives and A F2 terms were computed and transferred to observa-
tional equation cards in five hours. Again these times are 
compar able with those c ited by other authors f or similar cal-
c_ula t ions. 
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VII. PROPOSITIONS 
1. Many X~ray investigations of complex organic crystal 
structures have not made use of the phase determining Baner-
Jee equations (1) because of the tedious nature of the elim-
ination of coefficients from these relations. A method has 
been found, however, by which any of the coefficients an 
can be expressed in terms of the unitary structure factors 
k Fh/fh by inspection. If sm represents the unit structure 
factor for plane m of the zone being studied r a ised to the 
positive integral power k, then 
i) the expression for an must contain a sum of all 
terms s!sis~----- such tha t km+ Jl +ip -t ------ ":, n; 
ii) each term must be multiplied by a fraction equal 
to 1/mkl Jpi-------k. 'J I i l -------; 
iii) the sign of each term is given by (-l)k+J+i+----- -. 
The number of terms s~srs~---- for any given ~ is related 
to the number of te~ms for an_ 2 , an_ 4 , and an-S by a compli-
cated set of d~fference equations. 
2. J. Lewin (2) has ·reported the preparation of crystal-
line derivatives of .several proteins with a number of metal-
lic · ions in which the mole ratio of metal to protein can be 
widely varied. If, as Lewin states, these ions a re bound to 
the common acidic or basic functional groups of the protein 
molecule, it should be possible to prepare a series of such 
compounds with a single metallic complex and, by determin-
ing Just the positions of the metal a toms, to obtain some 
idea of the rela tive positions of these functional groups 
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in the protein. 
0. The weighting of least squares observational equations 
for refinement of structure par ameters from X-ray da ta has 
been performed in a variety of ways. Weights dependent on 
the magnitudes of observed intensities, atom form factors, 
and independent unit weights have been used in different 
structure determinations. I propose that none of these sys-
tems adequately conforms to the nature of the errors encoun-
tered in visual intensity measurements since no simple de-
pendence of these errors on the variables mentioned could 
be expected. The errors for each spectrum should be esti-
mated individually from a consideration of all these factors. 
This procedure was used in the determina tion of the struc-
ture of L-threonine (0) but apparently has since been aban-
doned in favor of simpler approximations. 
4. A differential equation relating the energy lost by an 
electron of initial velocity ~ per centimeter of its path 
through a body of density p has been given by Williams (4) 
dV /dx '& 1.06fB -1. 4 X 106 
I propose tha t it is possible to integrate this equation, 
using series approximations, for several ranges of velocity 
L3, and to use this analytic result in calculations involv-
ing the retardation of electrons in matter, in place of cum-
bersome graphical integration methode. 
5. J.S. Ham and J.R. Platt {5) have stated that the ab-
sorption per peptide group at 1850A is about the same for 
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diglycine and triglycine, but that the lower absorption of 
diketopiperazine may be accounted for by a puckering of the 
six membered ring which would impair the planarity of the 
imide group. This expl anation is not in accord with the 
results of the crystal structure determination of diketo-
piperazine in which Corey (6) found that the molecule is es-
sentially planar. A more likely explana tion would be based 
on either the f act that there are cis peptide links in 
diketopiperazine, as contrasted with the trans groups in 
di- and triglycine, or possible hyperconjugation effects 
in the ring system. 
6. The diffuse nature of the X-ray reflections from fibers 
make s the quantitative estimation of their intensities dif-
ficult. N.C. Baenziger (7) ha s reported a technique where-
by r adioactive cobalt is deposited on negatives during the 
developing process in an amount proportional to the blacken-
ing of the film. I belie~e that this procedure might prof-
itably be used to obta in quantitative intens ity da t a from 
fiber photogr aphs. The shape s of the ref lections would make 
direct mea surements on sections of the negative s impossible, 
but the r adio-cobalt from each reflection ar ea could be 
lea ched from the film and redepos ited on uniform lead discs. 
Mea surement of the activity of these discs would then give 
va lues of the integr ated intensities on a relative sca le. 
7. In his book "Photosynthesis", VoL I., Rabinowitch (8) 
di scusses the structure of chlorophyll a i n terms of t hree 
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structures which he considers isomeric. There seems to be 
no justification for supposing that the chlorophyll ~ struc-
ture allows such isomers to exist . 
8. The methods available for the determination of molecu-
l a r weights of peptide polymers often require the use of e-
l abor ate appar atus. It has been observed that solutions of 
poly- ¥-methyl-1-glutamate in dimethyl- for mamide show fluor-
escence effects which seem to vary with the degree of poly-
merization of t he peptide. I propose t hat these effects be 
examined more closely since they may lead to a simple method 
of determining molecular we i ghts and following the course of 
p olymerization reactions. 
9 •. In a recent paper to Nature, Bamford (9) claims that 
the calculated densi ty of poly-Y-methyl- 1-glut amat e, using 
the 3 .6 residue ~- helix model, is too low to agree with the 
observed density of the fiber~ I propose that this state-
ment is erroneous; the parameters for this compound, as de-
termined in this laboratory, g ive a calculated density of 
1.398 gm/cm3 for the 3.6 residue helix model . This value, 
in accordance with Bamford's own criteria, is in good agree-
ment with the observed density. 
10. It has been f airly well established that the polypeptide 
chain structure in poly-r-methyl-1-glutamate has the 3 .6 res-
idue ~-helix configuration, but the posi tions of the side 
chains in this molecule are still in doubt . (10) This may 
or may not be due to the complex character of the side chains 
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themselves . I propose that fibers of poly-serine or pol~ 
valine be prepared and their diffraction patterns studied. 
Should these fibers possess an o{ phase, structure factor 
calculations mi ght show whether or not the observed intensi-
ties are dependent on the parameters of their simple side 
chains . 
11. J.H. Rayner and H. M. Powell (11) have shown that half 
the nickel atoms in crystalline Ni(CN)zNH3C6H6 are bonded 
to four cyanide carbon atoms in a planar configuration, and 
the other half form six octahedral bonds, four to cyanide 
ni trogens a.nd two to ammonia groups. The coordination is 
thus very similar to that in KFeFe(CN)s, but the magnetic 
moment of 2.32 Bohr magnetons is cons iderably greater than 
would be expected from the same analogy . I propose that 
similar palladium and platinum compounds (containing bi- and 
tetra-valent ions) be prepared and their magnetic moments 
determined in an effort to ascertain if this effect is com-
mon to the entire group of elements. 
12. The various factors influencing the bond length in con-
jugated and aromatic molecules have been revi ewed by C.A. 
Coulson (12). Bond order, the nature of the hybridization 
and the distribution of formal char ges are all cons idered 
a nd the magnitude of their effects estimated. I propose 
that this treatment might be used to interpret some of the 
more complex bonds formed between metallic, semi-metallic, 
a nd non-metallic atoms. 
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